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PREFACE 


Over  the  years  the  Structures  and  Materials  Panel  has  been  concerned  with  the  problems 
of  gas  turbine  engine  materials.  The  Panel  sponsored  a  co-operative  testing  programme  to 
analyse  and  predict  low  cycle  high  temperature  fatigue  life  and  this  was  the  topic  for  a 
Specialists’  Meeting,  namely: 

“Characterisation  of  Low  Cycle  High  Temperature  Fatigue  by  the  Strain  Range 

Partitioning  Method”  (Aalborg  I97S,  AGARl)  CP-243). 

Another  approach  was  the  use  of  ceramics,  discussed  at  a  Specialists'  Meeting  entitled: 

“Ceramics  for  Gas  Turbine  Applications”  (Porz-Wahn  (Cologne)  1979,  AGARD  CP-276). 

While  it  was  felt  that  these  Meetings  had  achieved  their  purpose  for  their  specialist 
audiences,  there  remained  a  gap  to  be  bridged  between  the  experience  and  information  of  the 
maintenance  engineer  and  what  the  materials  specialist  in  the  research  laboratory  could  .  ffer. 
This  Specialists'  Meeting  on  the  "Maintenance  in  Service  of  High  Temperature  Parts”  wa:  con¬ 
ceived  as  a  two  way  exchange  between  maintenance  experience  and  materials  science. 

It  was  felt  that  AGARD  should  be  involved  because  all  NATO  countries  faced  common 
problems  in  the  increasing  costs  of  engine  maintenance  and  the  scarcity  of  strategic  materials. 
Many  of  the  problem  areas  were  likely  to  have  a  common  base  in  relation  to  service  experience 
and  materials  behaviour  characteristics,  so  that  an  exchange  of  views  should  benefit  both  the 
research  and  maintenance  communities.  The  collected  proceedings  and  the  discussion  sessions 
endeavour  to  provide  such  an  advantage  to  those  involved  in  materials  for  gas  turbine  engines. 

On  behalf  of  the  Structures  and  Materials  Panel  1  would  like  to  express  my  thanks  to  all 
authors,  recorders,  session  chairmen  and  participants.  In  particular  I  appreciated  the  help  of 
the  members  of  the  Sub-Committee  on  the  Maintenance  of  High  Temperature  Parts  when  1 
became  Chairman  and  that  of  Mr  George  C.  Deutsch  who,  though  retired,  returned  to  conduct 
the  final  technical  and  discussion  session  of  the  Meeting, 


PA. FANNER 

Chairman  -  Sub-Committee  on 
Maintenance  of  High  Temperature  Parts 
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The  present  Specialists'  Meeting  on  the  Maintenance  in  Service  of  High-Temperatu.e  Parts  is  not  a  routine  under¬ 
taking  in  the  history  of  the  ACiARD  Structures  and  Materials  Panel.  Traditionally  the  SMi>  has  concentrated  on  problems 
related  to  the  airframe  rather  than  the  engine. 

liven  at  its  first  meeting  in  Ottawa.  June  1955,  when  it  discussed  high-temperature  problems,  this  was  in  relation 
to  a  proposed  AC.ARP/ograph  on  High-Temperature  Effects  on  Aircraft  Structures.  At  the  5th  Panel  Meeting  in  Oslo 
and  Copenhagen.  April  May  Ids'7.  Materials  for  Use  at  Elevated  Temperatures  were  the  main  topic,  but  again  the  lectures 
that  were  held  had  basically  the  airframe  in  mind:  this  in  spite  of  the  fact  that  considerable  attention  was  paid  to  titanium 
and  its  alloys. 

Yet  at  certain  intervals  we  have  occupied  ourselves  with  topics  that  were  of  interest  to  the  engine  community. 

Since  so  many  representatives  of  that  community  are  present  now,  1  would  like  to  tell  you  some  more  of  our  activities 
in  that  field.  For  your  information  1  have  also  prepared  a  list  of  Engine  Oriented  Publications  under  the  Auspices  of 
the  ACiARD  Structures  and  Materials  Panel. 

The  Summary  Record  of  the  5th  Pane!  Meeting  contained  an  Appendix  called  the  Scope  of  the  Work  of  the  Panel. 
Here  we  find  formally  listed  as  topic  3h:  The  properties  of  aircraft  and  jent-engin?  inunriuls.  both  metallic  and  non- 
metallic.  including  synthetics,  adhesives  and  plastics. 

This  resulted  in  the  following  papers  being  presented  at  the  Technical  Sessions  on  Fatigue  at  the  occasion  of  the 
0th  Panel  Meeting  in  Paris.  November  1  ‘>57:  f  atigue  of  Structural  Materials  at  High  Temperatures,  by  Prof.  B.J.l.azan, 
University  of  Minnesota,  and  Corrosion  See  he  el  Protection  des  AUiages  Refractaires  Ni-Cr  80,  20.  by  M.Malhieu. 

ON  ERA. 


At  that  meeting  a  Permanent  Materials  Committee  was  formed 

This  committee  stimulated  activities  in  the  high  temperature  materials  field,  not  so  much  with  an  eye  on  present 
day  problems,  but  much  more  in  relation  to  future  developments. 

Topics  treated  included: 

Cermets.  7th  Panel  Meeting.  Paris.  March/ April  1958. 

-  Unconventional  Metals  (be.  Cr.  Mo.  Nb.  Ta.  Ti.  \V  and  V).  first  suggested  at  the  8th  Panel  Meeting.  Paris, 

October  1958. 

At  the  uth  Panel  Meeting.  Paris.  April  1959,  the  SMP  met  in  its  re-organized  form,  incorporating  a  Structures  Croup, 
a  Materials  Croup  and  a  Flutter  Committee. 

The  Materials  Croup  initiated  an  activity  which  was  to  continue  for  a  considerable  number  of  years  and  which  was 
devoted  to  the  four  prominent  refractory  metals:  Mo.  Nb,  Ta  and  \V  and  their  coatings.  Several  aspects  were  considered; 

1.  Alloy  development 
2  Coalings 

3.  Production  development 

4.  Welding 

5  Basic  Research 

(phase  diagrams,  diffusion  studies,  impurity  effects,  new  fabrication  techniques,  oxidation  studies t 
Design  data. 
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Various  publications  resulted,  but  a  major  achievement  in  my  mind  was  a  handbook  on  the  impurity  analysis  ot 
the  tour  refractory  metals,  which  was  the  result  of  a  collaborative  study  that  lasted  for  many  years 

Another  topic  that  was  pursued  was  that  of  graphite  as  a  high  temperature  structural  material 

High  temperature  mechanical  and  creep  testing  were  the  subjects  of  two  other  collaborative  efforts 

At  the  !'*th  Panel  Meeting.  Paris.  October  it  was  for  the  first  time  that  a  topic  was  taken  up.  that  was  of 

immediate  interest  to  the  designers  and  the  users  of  jet  engines.  This  w  as  the  development  and  testing  of  protective 
coatings  for  jet  engine  materials.  Unfortunately  thtsdid  not  result  in  an  At .  ARD-sponsored  collaborative  programme. 
Presumably  this  was  because  several  potential  participants  did  not  feel  their  commercial  interests  sufficiently  sale- 
guarded. 

It  is  important  of  course  that  there  is  another  AOAkl)  Panel  especially  devoted  to  engines  and  their  problems. 

This  is  the  Propulsion  and  I  nergetics  Panel.  In  ll*o5  the  SMP  was  invited  to  contribute  to  a  PI  P  meeting  on  engine 
materials.  Since  tllal  time  liaison  has  been  maintained  with  the  PI  P  and  the  two  Panels  have  assisted  one  another  in 
soliciting  speakers  for  their  respective  conferences. 

In  the  years  that  followed  attention  was  again  given  to  the  more  basic  aspects  such  as  the  thermo-physical  properties 
of  materials. 

The  28th  Panel  Meeting.  Dayton.  Ohio.  April  May  l°o'l  marks  a  sudden  growth  m  the  Panel's  interest  m  engine 
problems.  High  Temperature  C  orrosion  was  selected  as  a  topic  worthy  of  Panel  attention. 

This  resulted  in  a  Directory  of  Organizations.  Investigators  and  Programmes  in  lligh-Temperature  Corrosion 
Research  completed  in  I ‘>7  i ,  in  a  highly  successful  Specialists'  Meeting  on  High  Temperature  Corrosion  which  took 
place  in  Copenhagen  in  the  spring  of  l ‘>72  and  in  a  Handbook  on  Basic  Data  in  High-Temperature  Corrosion  completed 
in  1R74. 

Another  engine-related  topic  considered  by  the  Panel  was  High-Temperature  l.ow-Cycle  Fatigue.  First  a  state-of- 
the-art  report  was  prepared  on  testing  techniques  and  methods  of  analysis.  Then  a  Specialists'  Meeting  w  as  held  in  the 
spring  of  l‘>74. 

In  parallel  to  the  HTLCF  project  an  activity  was  undertaken  concerning  In-Situ  Composites.  This  programme  w  as 
run  similarly  to  that  on  high-temperature  corrosion.  First  a  directory  was  prepared  listing  workers  and  organizations 
active  in  research  and  development  in  this  field.  Then  a  Specialists'  Meeting  on  In-Situ  Composites  was  held  also  at  the 
occasion  of  the  SMP  1^74  Spring  meeting  in  Washington  D.C. 

The  topic  of  high-temperature  design  problems  was  held  alive  hy  an  ad  hoc  group  which,  al  ter  listening  to  a  number 
of  pilot  papers,  proposed  another  activity  in  the  field  of  tow-cycle  fatigue.  This  was  to  comprise  a  collaborative  testing 
programme  with  as  one  of  its  aims  to  evaluate  the  strain-range  partitioning  method  for  the  analysis  and  prediction  of 
low  cycle  fatigue  behaviour  of  engine  materials.  Sixteen  laboratories  participated,  equally  distributed  to  both  sides  of 
the  Atlantic.  The  results  of  the  testing  programme  were  discussed  at  a  Specialists'  Meeting  that  took  place  in  Aalborg 
in  the  Spring  of  I ‘>78. 

In  parallel  to  the  Low-Cycle-Fatigue  Programme  an  activity  was  s'arted  in  the  field  of  ceramics.  Speakers  were 
invited  to  present  pilot  papers  and  in  the  Autumn  of  !*>?«>  in  Cologne,  a  Specialists'  Meeting  was  held  on  Ceramics  for 
Turbine  Fngine  Applications. 

At  the  48th  Panel  Meeting  in  Williamsburg  Va,  April  1974,  consideration  was  given  to  a  proposal  to  stimulate  the 
dialogue  between  engine  maintenance  engineers  and  materials  specialists. 

At  the  4‘>th  Panel  Meeting  in  Cologne.  October  l‘>7‘*.  a  proposal  was  made  to  prepare  a  Handbook  on  Aeroelasticity 
for  Turbomachines. 

Discussions  continued  on  the  aspects  of  engine  maintenance  and  these  have  led  to  the  organisation  of  the 
Specialists'  Meeting  on  Maintenance  in  Service  of  High -Temperature  Parts  to  which  you  have  been  invited  to  participate. 
As  you  will  see  various  categories  of  papers  will  be  presented. 

In  the  first  category  fall  the  papers  that  deal  with  the  use's"  experience,  both  military  and  civil,  with  inspection, 
maintenance  and  repair  of  jet  engines. 

Another  category  discusses  defects  and  criteria  for  engine  life  and  cause  for  retirement 

A  third  category  considers  novel  repair  techniques  and  rejuvenation  of  parts  that  have  been  in  service. 
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Finally  .1  I ; ; itrtli  category  is  concerned  vv  tth  protective  coatings.  to  b-*  applied  in  the  manufacturing  stage,  hut  also 
at  regular  intervals  during  service  life. 

We  lure  aimed  at  bringing  together  people  with  strongly  different  background',  but  all  in  some  way  involved  in 
the  problem  of  providing  pi  event  day  aircraft  with  reliable  engines,  that  will  continue  to  he  reliable  for  art  appreciable 
length  of  time 

By  doing  so  we  have  aimed  not  onlv  at  the  nations  that  produce  engines,  but  also  at  those  that  have  to  operate 
and  maintain  engines  produced  elsewhere. 

The  engine  environment  is  characterised  by  heat  and  pressure  Maybe  the  discussions  during  the  Specialists’ 
Meeting  will  ereate  another  form  of  heat  and  pressure.  But  then,  it  has  been  said  that  sufficient  heat  and  pressure  can 
turn  carbon  into  diamond.  1  am  not  expecting  that  after  this  Meeting  the  floor  will  be  found  strewn  with  diamonds, 
but  1  am  convinced  that  the  resulls  achieved  w  ill  he  valuable  for  some  time  to  come;  and  I  wish  you  all  a  pleasant  and 
fruitful  meeting. 


H  P  VAN  1.IHAV1  \ 
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SUMMARY 

Cospared  with  Civil  use,  military  aero-engines  tend  to  be  exposed  to  the  effects  of 
working  closer  to  their  design  limits,  of  more  rapid  and  frequent  change  of  operating 
condition,  and  of  more  exacting  environments.  For  high  temperature  parts  this  node 
of  use  generates  three  areas  of  concern;  estisating  the  life  of  critical  parts, 
deterioration  in  material  properties,  and  difficulties  in  inspection  and  repair. 

Our  lifing  methods  are  already  complicated  by  an  economic  desire  to  move  away  from 
average  fleet  lines  to  consider  the  life  consumption  of  individual  engines.  Hewer 
materials  are  aggravating  this  by  the  number  of  parameters,  all  varying  in  service, 
which  now  affect  the  life.  There  is  nothing  new  in  the  maintenance  engineer's  ideal 
of  materials  which  do  not  deteriorate  and  are  simple  to  inspect  and  repair.  However 
the  conflict  between  this  ideal  and  the  demands  for  lighter  weight  and  higher 
performance  has  probably  never  been  greater.  Will  we  be  able  to  develop  maintenance 
policies  and  procedures  to  maintain  a  sensible  balance? 


1.  IHTRQDUCTIOS 

From  the  beginning  the  physical  properties  of  materials  and  particularly  those  of 
high-temperature  materials  have  been  one  of  the  main  controlling  factors  in  the 
development  of  gas  turbine  aero-engines  for  military  use.  In  fact,  from  a  viewpoint 
back  in  the  year  I9d0,  miracles  have  been  achieved.  Much  has  been  written  on  the 

subject  and  this  paper  is  not  intended  to  add  to  that  aspect.  It  is  biased  more 
towards  the  problems  and  challenges  that  the  use  of  modern  high-temperature 
materials  bring  to  the  Hoyal  Air  Force  operator;  living,  a6  we  all  do  these  days, 
within  strict  socio-economic  restraints. 

Material  has  to  be  considered  in  relation  to  its  overall  effect  on  the  aero-engine 
as  part  of  a  weapon  system.  Moreover,  the  weapon  system  itself  has  to  behave  quite 
differently  in  peace  and  wartime  conditions.  The  maintenance  nan  is  faced  with 
problems  of  life  estimation,  with  all  its  facets,  inspection,  repair  and  containment 
of  costa;  both  direct  and  indirect.  From  all  of  these  factors  maintenance  policies 
emerge.  Each  of  these  areas  is  touched  on  separately  in  this  paper.  Of  course  this 
ia  merely  for  editorial  convenience  because,  in  real  life,  they  are  inextricably 
connected  in  very  complex  relationships  and  what  appears  at  the  end  is  often  a 
compromise  between  several  aspects. 

2.  OPERATIOKAI.  WEAPON  SYSTEM  EFFECTS 


2.1  The  Military  Aero-Engine.  The  military  gas  turbine  is  probably  unique 
amongst  aircraft  equipment.  Few  other  items  operate  so  closely  to  the  limit  of 
physical  properties  of  materials,  has  to  undergo  euch  intensive  development  of 
reliability  and  life  after  it  has  entered  service,  has  such  a  high  proportion  of 
critical  and  life-limited  parts  and  is  so  frequently  returned  to  the  repair/overhaul 
organisation  to  be  dismantled. 

Then  with  each  new  aircraft  type  the  demand  for  performance  forces  us  towards 
engines  that  are  smaller,  lighter  and  use  less  fuel  for  a  given  thrust. 

If  we  compare  the  Bolls-Royce  RB  ^99  for  Tornado  with  an  early  Bolls  Royce 
Avon  of  approximately  equal  dry  thrust ,  advancing  technology  has  achieved  a 
significant  reduction  in  the  size  ol  the  basic  turbo  machinery.  Even  with  its 
reheat/afterburaer  the  RB  199  is  no  bigger  than  the  basic  Avon.  To  a  large 
degree  this  change  ie  due  to  the  production  of  materials  which  will  withstand 
higher  turbine  temperatures  and  to  the  design  of  improved  cooling  arrangements. 
Generally  both  are  involved. 

2.2  Peace-time  and  War-time  Conditions.  It  is  only  during  relatively  short 
periods  of  flight  tkat  engines  really  consume  their  in-built  life.  Although 
aircraft)  and  hence  engine  performance  is  primarily  specified  for  their  war  role, 
in  practice  peace-time  training  sorties  can  consume  engine  life  more  quickly  per 
flying  hour  than  war-time  operations.  Fig  1  showB  where  training  sorties  are 
condensed  to  eliminate  transit  flying  and  intensify  training  benefit. 


Perhaps  is  peacetime  we  should  make  do  with  lower  thrusts  and  .tence  improve 
the  turbine  envi ronment .  To  some  extent  thiB  can  be  done.  For  example  with 
some  aircraft  ve  use  a  flexible  take-off  thrust.  The  thrust  used  .s  adjusted 
to  take  account  of  aircraft  weight,  weather  and  runway  conditions.  Howevei  cany 
pilots  feel,  with  sone  justification,  that  the  only  Shod  piece  of  runway  ia  the 
portion  that  is  left  in  front  of  you.  For  them,  use  of  maximum  thrust  equates 
to  ijBT.roved  aircraft  safety  at  a  very  critical  point  in  the  sortie.  Of  course  a 
more  mechanical  solution  can  be  adopted  and  we  do  consider  for  new  aircraft  the 
fitting  of  "combat  switches”.  These  would  limit  thrust  normally  but  provide  a 
facility  in  the  cockpit  to  obtain  maximum  thrust  for  realistic  training  or  in  bp 
emergency. 

2.3  Overall  Maintenance  Philosophy.  Like  many  other  aircraft  operators, 
the  RA?  has  tried  many  philosophies  of  maintenance  in  the  past.  We  are  now 
firmly  settled  on  a  philosophy  of  On  Condition  Maintenance.  This  is  a 
controversial  phrase  and  many  people  define  it  in  different  ways.  More 
importantly,  they  also  understand  it  to  mean  different  things.  Many  pFpers  have 
been  written  and  no  doubt  will  be  written  on  this  subject  alone.  However 

here  we  mean  that  we  try  to  get  away  from  overhaul  lives  fixed  for  a  given  engine 
type  and  move  towards  lives  that  differ  between  individual  engines  and  their 
components,  and  that  depend  on  their  physical  condition,  history  of  use,  and 
whether  their  failure  would  actually  hazard  the  aircraft.  In  practice  the  rules 
are  applied  to  varying  degrees  on  RAF  engines  in  service  depending  on  the  type  of 
usage  monitoring  equipment  fitted  to  the  aircraft  concerned. 

As  far  as  the  turbine  end  of  engines  is  concerned,  our  general  rule  is  that 
because  turbine  discs  are  prone  to  low  cycle  fatigue  (LCF)  and  because  any 
failures  might  not  be  contained  within  the  engine,  lives  based  on  engine  ust-ge 
are  established.  The  approach  for  turbine  blades  is  rather  less  straightforward 
and  depends  upon  the  likely  failure  mode.  Creep  and  fatigue  can  probably  be 

covered,  but  high  cycle  fatigue  presents  problems.  In  general,  because  failed 
blades  would  stay  within  the  engine  we  tend  to  impose  no  in-service  life  and  just 
let  the  blades  fail. 

?.  ENGINE  USE  AMD  LIFE  ESTIMATION.  The  subject  of  engine  usage  and  life  estimate 
is  introduced  al  tills  stage  because  many  people  will  be  already  aware  of  UK  activities 
in  this  area  from  the  detail  in  References  1  and  2.  However  a  broad  review  is 
necessary  because  of  its  importance  in  relation  to  our  other  work. 

Since  our  first  tentative  steps  with  an  installation  in  a  single  Phantom  in  1974, 
it  has  become  increasingly  apparent  that  total  engine  usage  information  was  essential 
for  two  aspects;  firstly  to  be  fed  back  into  aero-engine,  and  hence  materials,  design, 
development  and  testing.  Secondly  it  provided  for  a  more  economic  use,  in-service,  of 
the  lives  of  engine  discs  obtained  from  theoretical  and  rig  test  sources. 

In  essence;  the  designer  can  now  know  bow  we  actually  use  an  engine  as  opposed  to  how 
we  said  we  intended  to.  We  can  reduce  the  amount  of  unused  safe  life  left  on  discs 
when  we  throw  them  away. 

3.'  Engine  Usage  Monitoring  System  (EUMS)  Mark  1.  EUMS  Mk  1  is  our  basic 
equipment.  It  is  used  primarily  to  produce  a  fleet  exchange  rate  between  low 
cycle  fatigue  cycles  and  flying  hours  or  sorties.  More  than  15,000  engine  ground 
and  flight  hours  have  been  accumulated  on  it.  Twelve  different  types  of  aircraft 
are  fitted  with  the  system  and  seven  more.  Tornado,  Sea  Harrier,  VC  10  tanker, 
Chinook,  Puma,  Jetstream  and  Sea  King,  are  planned  for  future  fitment.  Normally 
a  sample  of  4  to  6  aircraft  of  each  type  has  ELMS  fitted. 

Variations  in  engines,  pilot  operation,  and  sortie  pattern  are  taken  account  of 
using  statistical  techniques  and  are  written  into  a  computer  programme  used  by  the 
RAF. 

The  following  table,  also  used  in  Reference  2,  shows  the  safe  cycles  per  hour, 
on  average,  which  would  be  expected  lor  various  alternatives.  In  this  case  the 
figures  happen  to  be  for  a  compressor  disc  currently  in  service. 


Monitoring  Scheme 

Safe  average 
cycles  per  hour 

IP 

HP 

None 

3.26 

".73 

By  role  and  side  of  aircraft 

2.56 

i,39 

By  role,  side  and  sortie  pattern  code 

2,42 

1.31 

By  LCF  counter 

2.27 

1.26 

As  a  measure  of  the  success  of  the  system,  the  LCF  fleet  exchange  rate  for  the 
Adour  in  Jaguar  was  reduced,  allowing  time-expired  Group  A  components  to  he 
reclaimed  from  quaran.ine  at  a  cost  saving  of  £1.3  million.  In  the  same  way 
EUMS  data  fron  the  Fegaaus  engine  in  Barrier  is  being  used  for  life  extension. 

An  average  increase  of  20%  on  turbine  discs  has  been  agreed. 

The  RAF  Red  Arrow  display  team,  now  operating  British  Aerospace  Hawk  aircraft, 
present  a  special  problem.  EUMS  has  shown  that  the  outside  aircraft  in  the 
formation  can  use  about  13  times  more  LCF  life  than  the  formation  leader  on  the 
same  sortie.  The  need  for  recording  on  each  Red  Arrows  aircraft  will  be  covered 
later. 

Not  only  does  EUHS  data  provide  tht  engine  designer  with  a  knowledge  of  throttle 
movements  and  therefore  cyclic  life  consumption  on  aircraft  in  service  but  the 
data  can  be  used  to  predict  engine  behaviour  in  future  aircraft.  In  order  to 
simulate  the  mission  profile  for  projected  aircraft,  a  EUMS  fitted  existing 
aircraft  can  deliberately  reproduce  tho  mission.  Where  the  new  mission  profile 
is  very  complex,  BUMS  sorties  can  be  flown  on  several  typeB  of  existing  aircraft 
and  spliced  together.  This  exercise  is  also  very  valuable  in  providing  for  the 
differences  between  peace-time  and  war-time  operations  at  an  early  stage. 

Currently  the  UK  establishes  disc  life  on  'life  to  first  crack1  principles.  The 
RAF  is  very  interested  in  any  progress  on  the  latest  materials  towards  a  Fracture 
Mechanics  approach  where  cracks  were  permitted  up  to  a  certain  size;  although  we 
are  conscious  of  enormous  practical  difficulties  of  menaging  this  in  complete 
engines  and  ensuring  its  cost-effectiveness.  However,  to  obtain  the  maximum 
benefit,  it  would  not  be  sensible  to  have  to  use  “nominal"  mission  criteria  based 
on  the  worst  flying  profile.  Therefore,  engine  useage  monitoring  on  each 
individual  aircraft  appears  to  be  a  necessary  step  in  this  case. 

As  well  as  EUMS  fitted  to  aircraft,  a  number  are  in  operation  on  test  beds. 

Here  experience  is  gained  and  LCF/hot  end  life  consumption  rates  cau  be  quantified 
during  the  150  hour  Type  Test.  Moreover,  the  system  can  be  used  for  more  specific 
teste  such  as  an  assessment  of  the  use  of  optical  pyrometers  to  measure  . urbine 
temperatuies  directly  on  military  engines.  The  results  can  then  be  read  across 
to  subsequent  ones  when  the  aircraft  flies  with  the  same  modification. 

The  RAF  is  currently  undertaking  a  trial  using  1?  Hawk  aircraft  fitted  with  EUMS 
primarily  to  explore  the  benefits  of  engine  flight  data  recording  and  analysis 
using  a  Ground  Processor  based  at  the  flying  station.  Detailed  fleet  management 
is  the  area  most  likely  to  show  results.  However,  the  volume  of  data  will  he  large 
and  special  arrangements  have  been  made  to  relate  it  to  engine  ground  performance 
testing  and  the  physical  state  of  the  engine  found  during  overhaul.  Much  will  be 
added  to  the  engine  designers  knowledge  of  the  Adour  engine  itself. 

In-service  experience  with  EUM£  Mk  1  led  to  consideration  of  areas  where  its 
capability  could  he  usefully  increased  and  where  extra  features  consistent  with  an 
overall  engine  life  monitoring  approach,  could  be  added.  The  result  was  EUflS  Mk  2. 

3.2  BUMS  Mark  5.  Plessey  Electronic  Systems  at  Havant  have  developed  EUMS  Mk  2 
to  a  UR  Ministry  specification.  It  is  a  microprocessor  baBed  system  which  includes 
a  display  suitable  for  eitb-r  cockpit  or  equipment  bay  mounting  giving  parameter 
exceedance  warnings  and  access  to  engine  life  data  without  having  to  use  a  ground 
replay  equipment. 

The  Bystem  can  accept  40  analogue  parameters  plus  16  spool  speed  inputs  and 
20  discrete  ON/OFF  signals.  Up  to  30  parameters  can  be  checked  fci  limit 
exceedances.  LCF  consumption  is  available  for  a  number  of  critical  components, 
both  as  a  rate  per  flight  and  accumulated  total.  Data  can  be  stored  in  either 
solid  state  memory  or  Quick  Access  Eacorder. 

EUMS  Mk  2  is  already  flying  in  the  Jaguar  aircraft  and  is  recording  airframe 
fatigue  as  well  .s  principal  engine  life  parameters.  The  system  has  now  been 
installed  in  the  Harrier. 

The  overall  management  of  EUMS  Mk  2  and  its  data  recovery  follow  closely  the 
arrangements  established  for  EUMS  Mk  1. 

3.3  Low  Cycle  Fatigue  Counter  (LCFC).  As  a  partner  to  EUMS  fitted  to  a  sample 
number  of  aircraft ,  the  LCFC  provides  the  possibility  of  a  monitor  on  each 
individual  aircraft.  The  LCFC  which  is  manufactured  by  Smiths  Industries  to  a  UK 
Ministry  specification  is  a  microprocessor  based  equipment  which  computes  the  LCF 
life  consumed  by  4  specific  features  in  the  engine  rotating  components.  It  notes 
rpa  excursions  and  converts  the*  into  reference  stress  cycles.  The  RAF  evaluation 
has  taken  place  on  aircraft  already  fitted  with  EUMS  so  that  the  algorithms  used 

in  the  LCFC  can  he  cross-checked. 


Host  of  our  results  have  been  obtained  on  the  Adour  engine  in  Hawk  end  Jaguar. 

Its  primary  use  so  far  has  been  on  the  Bed  Arrow  display  team  aircraft  where,  as 
mentioned  earlier,  wide  variations  in  LCF  consumption  can  occur. 

At  tha  moment  the  counter  neglects  thermal  effects  and  the  simple  LCFC  ia  clearly 
restricted  where  thermal  gradients  or  thermal  fatigue  are  aignificant.  As  it 
happens,  it  is  safe  to  ignore  thermal  effects  on  a  large  number  of  BAP  engines 
but  this  will  be  leas  possible  in  future.  Three  further  approaches  are  being 
worked  on.  Firstly,  the  LCFC  is  being  developed  to  take  account  of  turbine  blade 
thermal  fatigue  and  creep.  Secondly,  it  may  be  possible  to  adjust  the  value  of 
Ultimate  Tensile  Strength,  used  in  the  LCFC,  to  account  for  changes  in  material 
temperatures.  Finally,  EUMS  Mk  2  could  be  fitted  to  each  aircraft  allowing  more 
parameters  to  be  measured. 

3.4  Hot-end  Monitoring.  For  the  turbine  area,  in  particular,  the  service 
engineer  needs  an  on-V>oard  hot  end  monitor  that  he  can  trust.  Backing  by  a  proven 
analytical  basis  is  essential.  The  design  process,  including  test  programmes  is 
fairly  well  established.  The  EUMS  programme  will  be  used  to  confirm  life 
predictions.  Bolls  Boyce  and  NGTE  have  developed  creep  and  thermal  fatigue 
algorithms  which  will  be  validated  by  phased  removal  of  components  and  metallurgical 
examination. 

By  ensuring  that  r  -asurements  of  compressor  outlet  temperature  (turbine  blade  cooling 
air),  vurbine  inlet  temperature  and  shaft  speed  are  available,  the  spare  capacity 
built  into  the  LCFC  could  be  used  to  assess  creep  and  thermal  fatigue.  This 
facility  will  be  available  soon.  However,  a  programme  of  EUMS  correlation  will 
be  essential  before  the  LCFC  could  become  executive  for  these  quantities.  Even 
then  both  hot  end  equations  have  limitations  because  the  failure  mechanisms  are  not 
completely  understood.  However,  a  period  of  steady  investigation  should  improve 
this  situation. 

3-5  Modular  Engines.  Before  turning  to  the  practical  activities  of  inspection 
and  repair,  some  broader  mechanical  constraints  should  be  considered  because  they 
affect  how  and  when  these  activities  can  be  done. 

The  RAF  is  firmly  committed  to  modular  engines  because  of  the  large  cost  savings 
from  the  reduced  buy  of  complete  spare  engines.  Moreover,  engines  can  be 
recovered  for  use  more  quickly  in  the  field.  The  newer  engines  have  up  to  17 
modules.  Most  inspection  and  repair  work  is  now  done  at  flying  stations  with 
engines  and  modules  only  returning  to  an  RAF  Maintenance  Unit  or  Industry  when 
essential.  This  balance  is  the  complete  reverse  of  that  employed  in  past  years 
and,  of  course,  the  RAF  still  has  large  numbers  of  'traditional'  engines  in  use. 

The  very  flexibility  of  the  modular  engine  and  our  in-service  overhaul  system  also 
seriously  compounds  the  management  problem.  For  instance,  we  are  progressing  from 
the  relatively  simple  task  of  managing  a  fleet  of  engines  with  the  same  life,  through 
the  stage  with  our  Phantom  and  Nimrod,  engines  which  each  have  one  or  two  different 
nodule  lives  to  the  multi-modular  engine  like  the  BB  199  example  on  a  station 
operating  50  twin-engined  aircraft;  instead  of  100  individual  engine  lives,  we 
have  2,900.! 

It  is  for  this  reason  that  we  have  been  forced  to  install  a  local  station  level 
ADP  system  based  on  the  Texas  Instruments  990/10  minicomputer. 

3.6  Inspection.  In  an  ideal  world  the  maintenance  engineer  would  like  to  be 
able  to  inspect  all  parts  of  the  engine  without  dismantling  anything  and  without 
removing  it  from  the  aircraft.  Moreover,  all  defects  should  be  so  obvious  that  no 
inspector  would  miss  them  even  at  the  end  of  a  tiring  work  shift.  Real  life  does 
not  allow  such  luxuries.  To  be  fair,  facilities  for  inspection  have  probably 
never  been  better.  On  the  other  hand  there  iB  more  to  look  at;  the  number  of 
blades  is  a  prime  example.  Also  the  tendency  towards  more  complicated  fabrication 
reduces  access  to  the  areas  to  be  inspected. 

3.6.1  Inspection  of  the  Assembled  Engine.  Here  visual  inspection  still 
predominates.  These  days  the  engine  Is  well  provided  with  access  ports 
for  borescopes.  Even  the  problem  of  preventing  access  port  plugs  in  the 
turbine  area  from  seizing  up  Beems  to  have  been  solved. 

It  has  been  clear  for  some  time  that  the  strain  of  lengthy  unaided  bore.icope 
inspections  greatly  increases  the  riBk  that  an  inspector  will  miss  a  defect. 
Closed  circuit  television  (CCTV)  is  an  essential  step  both  to  ease  the  strain 
on  the  inspectors  and  also  to  allow  a  group  to  view  and  discuss  a  defect 
together  and,  if  necessary,  to  take  a  photograph. 

Nevertheless  black  and  white  television  can  also  be  misleading  and  suggest 
spurious  defects  which  turn  out  to  be  merely  discolorations  of  the  material. 

It  is  most  likely  that  we  will  soon  turn  to  more  widespread  use  of  colour 
television  to  counteract  this  problem. 


X-Hay  techniques  are  sometimes  used;  either  by  X-Ray  generation  from  the 
outside  or  by  the  introduction  of  a  radio-active  isotope  into  the 
internal  parts  of  the  engine.  In  general,  the  use  of  X-Rays  is  far 
from  straightforward  because  the  man  '  iayers  of  fabrication  cause  a  very 
confused  and  complicated  X-Ray  picture.  Even  so  the  technique  has  been 
valuable  for  some  very  specific  applications. 

*,b.f“  Inspection  of  the  Dismantled  Engine.  The  most  recent  changes  in 
this  area  for  the  RAF  have  been  introduced  less  by  new  techniques  and  more 
by  where,  in  organisational  terms,  the  inspection  is  done.  As  noted 
earlier  the  station  level  engineers  now  see  more  of  the  engine  internals 
than  at  any  time  in  the  past.  However,  most  module  inspections  at  stations 
are  limited  to  visual  techniques;  both  aided  and  unaided.  Visiting 
non-destructive  testing  (NDT)  teams  supplement  this.  The  RAF  has  developed, 
over  the  years,  n  fuir  capability  for  NDT  techniques;  spurred  on  by  airframe 
structural  needs.  For  engines  and  modules  which  return  to  Maintenance 
Unit  level,  the  full  range  of  NDT  devices  is  available  for  use  and  moat  of 
our  present  effort  is  directed  towards  semi-automation  of  these  techniques 
to  increase  productivity. 

;-.7  Repair.  On  RAF  flying  stations  very  little  repair  of  high  temperature 
materials  is  undertaken  except  by  replacement  of  complete  components  such  as  turbine 
blades.  However,  removal  of  modules  on  stations  exposes  other  modules  to  view. 

As  a  result,  cracks  in.  say,  the  combustion  chamber  become  known  about.  Whereas 
in  the  past  if  the  engine  was  performing  satisfactorily,  they  remained  invisible 
until  the  engine  was  finally  dismantled.  This  new  situation  has  increased  the  flow 
of  questions  to  the  materials  designer  about  acceptable  crack  or  damage  limits. 

Here  it  is  important  that  the  advice  given  is  sensible  and  that  defects  that  we  can 
live  with  are  clearly  identified.  Wherever  possible,  the  over-safe  and  expensive 
route  of  trying  to  repair  everything  should  be  avoided. 

Our  modular  policy  introduces  a  further  riBk  that,  because  the  engine  internals  are 
exposed  more  often,  they  will  even  with  our  best  control  be  exposed  to  minor  and 
sometimes  unnoticed  surface  damage.  This  is  a  fact  of  life  for  the  future  and  the 
materials  designer  should  bear  it  in  mind.  Although  how  he  could  possibly  cater 
for  such  a  random  event  is  difficult  to  imagine. 

Corrosion  and  erocion  are  always  with  us.  However,  they  are  areas  where  military 
operations  can  still  catch  out  the  maintenance  engineer  and  indirectly  the  materials 
designer.  Sometimes  our  aircraft  are  eventually  used  in  roles  and  environments 
never  expected  when  they  were  first  specified.  A  classic  case  is  that  of  the 
Harrier  used  in  Belize,  where  severe  turbine  disc  corrosion/erosion  was  initiated 
by  the  unusual  environment. 

At  Maintenance  Unit  level  the  RAF  share  full  engine  repair  with  Industry.  The 
cost  of  repair  equipment  required  for  modern  materials  limits  its  use  to  a  few 
locations.  Electron  beam  welding  equipment,  plasma  spray  and  extensive  heat 
treatment  plant  appear  to  be  an  inevitable  price  to  pay  for  materials  now  coming 
into  use. 

Costs.  Although  the  need  to  contain  costs  has  driven  most  of  what  has  been 
said  already ,  it  is  notoriously  difficult  to  pin  them  down.  In  general  the  value 
of  the  aero-engines  owned  by  the  RAF  is  about  £1,400  million  and  rising  rapidly  with 
the  introduction  of  the  Rolls  Royce  RB  199.  What  is  more,  by  the  time  an  engine 
finally  leaves  the  Service,  supporting  it  will  have  cost  us  at  least  J  and  probably 
more,  times  its  purchase  price,  and  that  excludes  the  fuel  it  has  burned. 

It  is  therefore  usually  easy  to  justify  work  on  more  precise  lifing  and  increasing 
the  capability  for  inspection  and  repair. 

CONCLUSIONS.  Cost  constraints  and  the  need  for  increased  engine  availability 

haa  provoked  a  much  more  flexible  approach  to  the  estimation  of  the  in-service  life 
of  engine  parts.  Therefore  the  UK  will  continue  to  operate  and  expand  an  engine 
ueeage  monitoring  programme,  exploiting  the  strengths  of  the  various  equipments 
available,  in  order  to  refine  component  lives  and  move  further  towards  an  On  Condition 
Maintenance  Policy.  At  the  Bame  time  the  flow  of  data  back  to  the  designer  should 
fill  earlier  gaps  in  the  information  about  military  engine  use.  Good  analytical 
foundations  for  predicted  failure  modes  are  needed  early  to  identify  the  parameters 
to  be  measured  and  the  algorithms  to  be  used. 

Techniques  of  inspection  and  repair  in-service  will,  of  necessity,  evolve  with  future 
changes  in  materials  and  this  need  should  not  be  overlooked  in  the  search  for 
materials  bringing  performance  gains. 

Although  much  of  what  has  been  considered  applies  equally  outside  of  the  high 
tempera4- are  materials  area,  thia  area  does  involve  the  shortest  in-esrvice  lives  and 
greatest  difficulties  of  inspection  and  repair.  Looked  at  positively,  improvements 
in  these  materials  therefore  bring  the  greatest  potential  for  general  cost  and 
operating  benefits. 
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The  scope  and  mission  of  the  two  USAF  engine  Air  Logistics  Centers  are  described. 

The  various  processes  and  organizational  structure  to  identify  repair  technology  require¬ 
ments  are  discussed.  Approaches  to  transition  and  implementation  of  new  technology  intc 
a  repair  depot  environment  are  described.  Specific  examples  of  technology  developments 
described  are:  braze  repair,  laser  metrology,  electrophoretic,  coatings,  sputtered 
MCrAlY  overlay  coating  and  inlet  guide  vane  vibration  damping. 

INTROPUCTIOH: 

The  Air  Force  Logistic  Command  (AFLC)  is  the  command  which  is  responsible  for  the  over¬ 
haul,  repair,  spare  parts  and  supplies  necessary  to  keep  Air  Force  weapon  systems  combat 
ready.  The  responsibilities  include  aircraft,  missiles  and  support  equipment.  As  can 
be  imagined,  thi3  is  not  a  simple  or  small  task.  If  the  resources  of  AFLC  were  compared 
to  those  of  U.S.  corporations,  AFLC  would  be  ranked  11th  in  the  Fortune  magazine  list 
of  the  top  500  U.S.  companies.  In  order  to  satisfy  itB  mission,  AFLC  functions  on  both 
a  contractual  and  organic  or  in-house  basis.  Five  Air  Logistics  Centers  (ALCs)  have 
been  established  to  provide  the  support  to  specific  weapon  systems  or  components.  The 
primary  workload  assignments  for  each  ALC  are  shown  in  Figure  1. 

The  organic  repair  functions  of  AFLC  represent  a  significant  percentage  of  AFLC 
resources.  The  value  of  AFLC  maintenance  facilities  and  equipment  exceeds  $1.3  billion 
with  covered  floor  space  in  excess  of  16  million  square  feet.  Thirty-five  thousand 
people  are  employed  for  organic  maintenance.  In  terms  of  aircraft  and  engines,  these 
facilities  perform  maintenance  and  repair  of  about  50%  of  the  aircraft  and  over  80%  of 
engines  overhauled  in  Fiscal  Year  (FY)  1980. 

Overhaul  and  repair  of  engines  are  accomplished  at  two  Air  Logistics  Centers  (ALCs) , 
Oklahoma  City  ALC  and  San  Antonio  ALC.  During  FY  80  approximately  4,600  engines  or 
engine  modules,  in  the  case  of  F-100,  were  overhauled  by  AFLC.  Over  3,900  of  these  were 
accomplished  on-site  at  these  ALCs.  Engine  repair  resources  during  FY  80  totaled  $210 
million.  The  distribution  of  the  engine  workload  for  FY  80,  is  shown  in  Figure  2. 

For  many  years.  Logistics  Command  was  not  viewed  by  the  R  and  D  community  as  a  viable 
customer  for  new  technology.  The  reasons  for  this  are  many  and  varied.  For  example, 
the  cost  of  ownership  of  a  weapon  system  was  predominantly  in  development  and  acquisi¬ 
tion  as  opposed  to  operation  and  support,  the  logistics  community  was  not  requesting 
support,  from  the  R  and  D  community,  and  many  of  the  problems  encountered  by  AFLC  did 
not  lend  themselves  to  waiting  for  long  term  solutions  implied  by  R  and  D,  and  many 
laboratory  personnel  were  not  interested  in  applying  themselves  toward  solving  what  they 
considered  to  be  mundane  problems. 

The  close  association  between  the  Air  Force  Logistics  Command  and  the  engineering  commu¬ 
nity  of  the  Air  Force  Systems  Command  has  resulted  in  the  identification  of  various 
opportunities  for  the  translation  of  advanced  materials  and  process  technologies  to  the 
overhaul  floor.  These  advanced  technologies  offer  the  potential  for  reduced  costs  lur¬ 
ing  engine  overhaul.  Several  examples  of  programs  which  have  or  are  being  conducted  to 
enhance  the  repair  of  fan  and  turbine  blades  will  be  described. 


braze  repair  for  turbine  airfoils 


Advanced  turbine  blades  and  vanes  require  the  use  of  sophisticated  air  cooling  tech¬ 
niques,  costly  nickel  and  cobalt  base  alloys,  and  extensive  surface  protective  coatings. 
Because  their  operating  environments  cause  various  types  of  degeneration  which  ultimately 
lead  to  their  removal  and  replacement,  cost  effectiveness  of  repair  versus  replacement 
must  be  considered  in  terms  of  overall  life  cycle  management.  The  Air  Force  Wright 
Aeronautical  Laboratories  -  Materials  Labors tory  (AFWAL/ML)  conducted  a  Manufacturing 
Technology  (MANTECH)  program  with  General  Electric  Corporation;  (1)  to  establish  cost 
effective  repair  techniques  for  conventionally  cast  airfoils.  The  objectives  of  the 
program  were:  1)  to  select  repair  processes  and  airfoil  types  with  generic  application 
to  ALC  repair  requirements,  2)  to  transition  advanced  process  to  manufacturing  tech¬ 
nology,  and  3)  to  verify  the  repair  procedure. 

Components  selected  for  repair  were  the  TF39  first  and  second  stage  turbine  vanes  and 
the  first  stages  turbine  blade.  These  are  shown  in  Figure  3.  Repairs  performed  on  the 
Stage  1  HPT  vanes  incorporated  cracked  areas  of  the  leading  edge,  trailing  edge  (con¬ 
cave  surfaces)  aft  of  the  cooling  holes  and  various  inner  and  outer  platform  locations. 

In  order  to  make  a  braze  repair,  the  Fluoride-Ion  Cleaning  Process  was  developed  in 
order  to  remove  the  oxide  from  the  surface  of  the  crack.  A  schematic  of  the  cleaning 
process  and  its  effectiveness  in  oxide  removal  are  shown  in  Figure  4.  Activated 
Diffusion  Healing  (ADH) ,  which  is  a  hybrid  bra2ing  process,  was  used  to  repair  the 
cracks.  The  results  of  a  typical  ADH  repair  of  a  vane  are  shown  in  Figure  5. 
Representative  components  of  each  of  the  Stage  1  and  Stage  2  vanes  were  subjected  to 
1,000  mission  profile  cycles  in  TF39  engine  test  vehicles,  and  inspected,  and  then 
evaluated  to  determine  the  degree  of  success  for  each  repair.  Repair  feasibility  for 
both  components  was  satisfactorily  demonstrated.  The  economics  of  the  process  for  tur¬ 
bine  stator  components  demonstrates  the  cost  effectiveness  of  the  repair  concept  in 
lieu  of  new  parts  replacement  for  total  engine  life  cycle  management.  Additionally,  the 
advanced  techniques  developed  in  this  program  using  Fluoride-Ion  cleaning  and  ADH  extend 
the  capability  and  cost  savings  afforded  in  turbine  airfoil  repair. 

METROLOGY  OF  COMPLEX  AIRFOILS: 


Measurement  of  dimensional  characteristics  of  airfoil  parts  in  both  production  and  over¬ 
haul  is  primarily  a  manual  operation.  These  measurements  employ  a  variety  of  gage 
types.  Gages  vary  from  the  very  expensive  Optical  comparator  (Figure  6)  to  the  inexpen¬ 
sive  dial  gage  (Figure  7).  Some  gages  are  simple,  others  quite  elaborate.  All  are 
subject  to  wear  and  require  their  own  individual  calibration  procedures.  All  gages 
require  care  in  handling  and  some  of  the  more  delicate  ones  require  frequent  repair. 

The  amount  of  training,  skill  and  judgment  necessary  to  use  these  gages  varies  consider¬ 
ably  with  the  type  of  gage  employed.  Regardless  of  the  dimensional  gage  used,  alert  and 
conscientious  inspection  is  required  by  trained  inspectors. 

Despite  the  diversity  of  gages  and  the  heavy  reliance  on  manual  inspection,  dimensional 
inspection  today  h  satisfactory  accuracy  and  provides  adequate  reliability.  It  is 
clear,  however,  thus  an  automatic  non-contacting  inspection  gage  capable  of  measuring 
most  dimensional  characteristics  of  interest  would:  greatly  simplify  inspection  opera¬ 
tions;  be  cost  effective;  consolidate  a  number  of  gages  into  one;  minimize  wear  through 
the  non -contacting  feature;  and  improve  overall  inspection  reliability  by  minimizing 
human  involvement.  The  need  for  such  a  system  is  further  emphasized  if  future  needs  are 
considered,  e.g.,  the  potential  for  increased  airfoil  parameter  measurements  and  tighter 
tolerances  that  could  result  from  the  need  for  improved  engine  performance  reliability. 

An  automated  system  would  address  to  future  needs  as  well  as  provide  many  improvements 
for  inspection  of  today's  hardware. 

The  features  desired  in  an  automatic  gage  establish  the  basic  area  for  focus  during  its 
development.  Rapid  inspection  speed  is  important  for  the  automatic  gage  to  be  cost- 
effective.  Accuracy  is  necessary  to  meet  design  requirements,  and  repeatability  is 
important  to  provide  consistent  results.  Non-contacting  probes  preclude  scratching  of 
the  part  and  probe  wear  problems,  and  provide  greater  accessibility  to  part  surfaces. 
Universality  of  application  is  desirable  to  minimize  the  need  for  many  gages  and  their 
associated  costs.  Important  ingredients  of  universality  are  ease  of  fixturing  and 
flexibility  of  software  to  accommodate  a  variety  of  parts  and  inspection  requirements. 
Automatic  documentation  roust  provide  necessary  information  for  proper  part  disposition 
in  an  easily  understood  format.  Finally,  the  automatic  gage  must  be  compatible  with  the 
production  and  overhaul  environment.  All  of  these  features  must  be  considered  and 
included,  to  the  extent  possible,  in  the  design  and  construction  of  an  automatic  gage. 

The  AFWAL/ML  conducted  a  MANTECH  program  with  General  Electric  Corporation  (2)  and 
Diffracto,  Ltd.  of  Windsor,  Ontario,  Canada  to  develop  and  establish  and  validate  a 
semi-automated,  non-contacting  gaging  system  to  make  accurate  measurements.  This  program 
was  initiated  to  improve  this  technology  area  by  establishing  a  non-contacting,  computer 
interfacial  gage  system  that  provides  the  capability  of  measuring  many  dimensional 
characteristics  (e.g.  airfoil  contour,  length,  width,  twist,  lean,  etc.)  with  one  instru¬ 
ment  while  maintaining  high  accuracy,  repeatability  at  reasonable  throughput  rates. 

The  gage  system  was  to  be  a  demonstrator  semi-automatic  laser  gage  system  capable  of 
measuring  representative  dimensional  characteristics  of  single  turbine  blades  and  single 
turbine  vanes  within  a  part  size  envelope  approximately  12  inches  long,  4  inches  wide 
and  4  inches  deep.  The  demonstrator  system  was  to  be  capable  of  measuring  ten  represent¬ 
ative  dimensional  characteristics  of  a  test  part.  The  test  part  for  this  program  was 
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the  TF39,  stage  2  trailing  high  pressure  turbine  blade. 

The  demonstrator  laser  gaging  system  is  a  semi-automatic  four  axis  system  capable  of 
measuring  the  ten  representative  dimensional  characteristics  of  the  test  part.  The 
demonstrator  system  {Figure  8)  consists  of  four  primary  modules:  a)  a  laser  sensor 
module;  b)  a  part  manipulation  module;  c)  an  output  module  and  a  computer  module.  The 
laser  sensor  and  part  manipulation  modules  comprising  the  demonstrator  gage  which  inter¬ 
faces  with  the  computer  module  is  shown  in  Figure  9. 

The  program  essentially  met  the  design  criteria  that  the  demonstrator  system  have  an 
accuracy  plus  repeatability  of  15%  (i.e.  +90  microinches)  of  the  tightest  tolerance  to 
be  measured  at  the  95%  confidence  level.  The  overall  system  met  this  requirement  over 
an  estimated  80%  of  the  part  size  envelope  and  within  11%  of  the  goal  over  the  remaining 
20%  (i.e.  the  outer  radial  periphery).  The  major  objectives  of  the  program  were  achieved 
and  a  firm  technological  foundation  has  been  established  for  a  cost  effective,  reliable 
and  flexible  follow-on  production  model  for  airfoil  part  dimensional  inspection. 

ALUM! NIPS  PRODUCTION  COATING  PROCESS: 

Various  aluminide  type  coatings  are  used  to  protect  turbine  hardware  in  Air  Force  engines. 
While  these  coatings  are  similar  in  composition  and  performance,  their  application 
methods  vary  so  that  coating  new  and  used  parts  may  require  separate  installations  unique 
to  the  processes.  For  example,  the  various  steps  in  a  pack  process  are  shown  in  Figure 
10.  Cost  would  be  reduced  and  logistics  simplified  if  a  single  coating  process  were 
available  at  the  Air  Logistic  Centers  (ALC) . 

The  AFWAL/MI,  conducted  a  MANTECH  program  with  Detroit  Diesel  Allison  (DDA)  Division  of 
General  Motors  Corporation  to  provide  a  single  process  coating  capabilty  at  a  selected 
Air  Logistic  center.  The  Allison  Electrophoretic  Process  (AEP)  is  to  be  employed  for 
coating  nine  different  alloys  (nineteen  components)  in  the  Air  Force  engine  inventory. 

It  is  expected  that  through  the  use  of  AEP  the  Air  Logistics  Centers  could  satisfy  all 
their  refurbishing  needs  with  two  basic  bath  chemistries  -  AEP  32  (Al-Cr-Mn)  for  nickel 
base  and  AEP  100  (Al-CrAl)  for  cobalt  base  superalloys  -  both  being  applied  in  a  common 
installation.  "'he  two  coatings  proposed  are  licensed  for  use  by  the  U.S,  Government  per 
contracts  DAAJ-69-C-0412  and  F33647-72-C-0007 .  Laboratory  and  engine  testing  are  to  he 
used  to  evaluate  the  suitability  cf  AEP  as  a  single  coating  process  for  Air  Force  use. 

The  AEP  Coating  Process  is  based  on  the  principle  that  migration  is  observed  when  an 
electrical  potential  is  applied  to  two  electrodes  immersed  in  a  dispersion  of  charged 
particles.  An  electrophoretic  cell  is  shown  in  Figure  11.  When  the  dispersion  is 
properly  formulated,  the  suspended  particles  will  deposit  upon  one  of  the  electrodes. 
Electrophoretic  deposition  differs  from  electroplating  in  that  particles  of  any  composi¬ 
tion  rather  than  ions  are  deposited.  As  compared  with  physical  vapor  deposition, 
electroplating  spraying  or  dipping,  the  electrophoretic  procedure  is  particularly  suited 
to  applying  coatings  to  non-uniform  geometries,  because,  as  the  coating  deposits  on 
external  areas  and  edges  they  become  insulated  and  the  effective  deposition  shifts  to 
uncoated  areas.  The  AEP  procedures  utilize  fine  particles  dispersed  in  a  low  viscosity 
polar  liquid.  Emperically  determined  coating  weights  are  electrophoretically  deposited 
upon  turbine  components.  The  coated  articles  are  then  subjected  to  thermal  treatments 
in  suitable  environments  (hydrogen  and  argon  have  been  used  successfully)  for  times 
necessary  to  produce  substrate-coatings  with  the  desired  structure. 

Facilities  required  for  the  AEP  process  are  relatively  simple  and  cost  substantially  less 
than  for  other  conventional  aluminide  processes.  A  production  facility  has  been  opera¬ 
tional  at  DDA  for  more  than  five  years  applying  AEP  32  coating  to  Model  TF  41  1st  Stage 
Turbine  Blades.  Although  this  facility  occupies  only  250  square  feet  of  floor  space,  it 
has  a  capacity  for  applying  jgreen  coating"  to  1200  blades  per  eight  hour  shift.  A 
typical  AEP  coating  facility  and  process  steps  are  shown  in  Figure  12  and  13. 

An  AEP  aluminide  coating  can  be  tailored  to  meet  a  variety  of  specific  turbine  components 
requirements.  The  AEP  32  (Al-Cr-Mn)  composition  was  developed  to  overcome  thermal  crack¬ 
ing  problems  encountered  with  the  DDA  pack  cementation  coating  (Alpak)  and  at  the  same 
time  hot, corrosion  resistance  was  improved.  The  AEP  32  coating  has  shown  excellent 
performance  and  applicability  to  a  variety  of  superalloy  substrates  in  previous  AFWAL/ML 
sponsored  programs  (5,6).  The  resistance  to  hot  corrosion,  low  and  high  cycle  fatigue 
and  stress  rupture  of  various  nickel  base  alloys  coated  with  AEP  32  and  alternative 
coatings  are  shown  in  Figures  14-17.  Micrographs  of  the  PWA  73,  Alpak  and  AEP  32  coat¬ 
ings  on  two  nickel  base  alloys  are  shown  in  Figures  18  and  19.  Similarly  AEP  100  (Al- 
CrAl)  was  developed  to  overcome  Alpak  coating  thermal  cracking  and  spalling  on  X40  and 
Mar-M509  turbine  vanes,  and  is  the  prime  candidate  for  improving  turbine  vane  assemblies 
in  Model  T56  and  DDA  Industrial  Gas  Turbine  Engines. 

The  AEP  32  (Al-Cr-Mn)  and  AEP  100  (Al-CrAl)  coatings  have  been  successfully  applied  to  a 
variety  of  turbine  engine  components  at  DDA  for  more  than  seven  (7)  years.  This  includes 
both  solid  and  air  cooled  turbine  blades,  turbine  nozzle  vane  assemblies  ranging  from 
single  to  as  many  as  six  integral  airfoils,  integrally  cast  turbine  wheel  and  blade 
assemblies  and  Eull-round  integrally  cast  nozzle  vane  assemblies. 

Uniformity  of  finished  coatings  has  been  of  demonstrated  excellence;  e.g.  five  years  of 
production  for  the  Model  TF  41  1st  Stage  Turbine  Blades  with  a  specified  coating  thick¬ 
ness  of  1.5  to  3.0  mils  on  gas  path  surfaces,  airfoil,  shroud,  platform,  and  staJ1-,  ha¬ 
sh  own  a  coating  thickness  uniformity  over  the  coated  surfaces  of  individual  parts  in 
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the  range  of  0.5  mil  variation  with  no  difficulty  in  meeting  the  overall  specified  thick¬ 
ness  range.  Similar  success  has  been  experienced  with  integral  multiple  vane  and  wheel 
assemblies . 

As  a  part  of  the  current  MANTECH  program,  DDA  is  to  install  an  AEP  Coating  Unit  at  the 
San  Antonio  Air  Logistic  Center  (SAALC)  to  coat  blades.  The  SAALC  plans  to  coat 
initially  the  T56  blades  and  later  the  TF39  blades.  Similar  AEP  coating  facilities  are 
planned  for  the  Oklahoma  Air  Logistic  Center  that  overhauls  the  TF41. 

MCrAlV  OVERLAY  COATING  PROCESS : 

A  class  of  coatings  (the  MCrAlY  overlay  type)  has  been  developed  that  significantly 
increases  the  durability  of  turbine  airfoils  over  presently  used  diffusion  aluminide 
type  coatings.  The  MCrAlY  overlay  coating  is  deposited  on  the  airfoil  surface  and  pro¬ 
vides,  independent  of  the  base  alloy  composition,  increased  resistance  to  oxidation,  hot 
corrosion,  and  fatigue.  Because  of  the  performance  of  tnese  coatings  and  the  fact  that 
they  can  be  readily  tailored  in  composition  and  microstructure,  they  are  finding  increased 
usage  in  advanced  military  gas  turbine  engines.  Such  overlay  coatings  as  NiCrAlY, 

CoCrAlY,  and  NiCoCrAlY,  and  improved  compositions  being  developed,  will  provide  the  next 
generation  of  coatings  for  advanced  military  gas  turbine  engines. 

Increased  durability  and  higher  turbine  airfoil  operating  temperatures  are  primary 
requisites  for  these  future  engines.  Both  of  these  needs  translate  to  an  absolute 
requirement  that  better-than-present  protective  coatings  be  integrated  into  the  design 
and  specification  of  the  turbine  blades  and  vanes.  To  meet  the  need,  extensive  coating 
development  efforts  are  being  pursued.  Many,  if  not  most,  of  the  efforts  to  develop 
improved  overlay  coatings  are  limited  by  the  restricted  capabilities  of  processing 
methods  to  apply  tailored  coating  compositions  and  structures  on  an  experimental  and 
ultimately,  on  a  production  or  overhaul  basis.  With  the  current  electron  beam  vapor 
deposition  (fcB-PVD)  process  (used  to  apply  today’s  MCrAlY  coatings)  it  is  difficult  to 
deposit  complex  compositions  containing  low  vapor  pressure  elements  as  Ta  or  Hf. 

The  AFWAL/ML  conducted  a  MANTEC11  program  with  Pratt  and  Whitney  Aircraft  to  establish 
and  optimize  an  advanced  overlay  coating  process  which  is  suitable  for  application  of 
MCrAlY  type  overlay  coatings  to  high-pressure  turbine  biade  and  vane  components  during 
manufacturing  and  for  recoating  during  overhaul  for  Air  Force  advanced  gas  turbine 
engines.  The  process  is  to  be  adaptable  to  both  nickel  and  cobalt  base  superalloys  with 
only  minor  process  variations,  such  as  adjustments  or  modifications  of  coating  composi¬ 
tion  and  changes  in  coating  morphology.  An  additional  objective  of  the  program  is  to 
provide  a  technique  with  equivalent  or  supei ior  performance  to  commercially  available 
vapoi  depu„_..iona  coating  processes  with  definable  cost  savings  relative  to  advanced 
coating  requirements. 

Innovations  in  plasma-spray  technology  have  resulted  in  significant  improvements  in  the 
metallurgical  quality  of  plasma-sprayed  overlay  coatings.  However,  laboratory  and 
engine  tests  of  NiCoCrAlY  coatings  within  PfcWA  indicate  that  the  best  current  technology 
plasma-spray  performance  is  60  or  10%  that  of  equivalent  electron  beam  coatings  at 
temperatures  and  conditions  defined  for  advanced  gas  turbine  engines;  therefore,  sputter¬ 
ing  was  selected  for  further  development  and  scale-up  (7) . 

The  sputter  coating  process  is  a  vacuum  coating  technique  in  which  inert  gas  io  ;s , 
typically  argon,  are  accelerated  from  a  plasma  into  the  source,  or  target,  material  to 
be  deposited.  On  bombarding  the  target,  the  ions  eject  atoms  and/or  molecules  .  rom  a 
thin  layer  on  the  target  surface  to  create  a  coating  flux  from  the  target  surface.  The 
part  to  be  coated  is  held  in  the  flux,  and  the  ejected  or  sputtered  material  collected 
and  recombined  to  form  a  solid  coating  representative  of  the  target  material  composition. 

A  schematic  of  the  sputtering  process  is  shown  in  Figure  2.  The  process  shown  is  termed 
triode  sputtering,  due  to  the  use  of  a  thermionic  emitter  to  increase  the  degree  of 
ionization  in  the  plasma.  The  cathode  sputtering  system  is  shown  in  Figure  21. 

A  post-hollow  target  (cathode)  geometry  was  used  in  this  program  for  process  optimization. 

A  target  configuration  having  two  concentric,  cylindrical  targets.  Figure  20,  was 
selected  as  the  best  compromise  of  part  volume- per- target  area  and  deposition  efficiency. 
With  the  parts  to  be  coated,  held,  and  rotated  in  the  annulus  between  the  two  targets, 
coating  material  arrives  at  the  part  from  both  targets.  Most  of  the  coating  flux 
material  that  misses  the  part  deposits  on  the  opposite  target  and  is  subsequently  re¬ 
sputtered,  producing  a  high  material  utilization  efficiency. 

A  typical  microstructure  of  MC-A1Y  sputtered  coating  deposited  at.  low  substrate  tempera¬ 
ture  is  shown  in  Figure  22.  The  apperance  of  the  sputtered  NiCoCrAlY  coated  blade  after 
engine  operations  is  shown  in  Figure  23.  Because  of  the  fundamental  principles  of  the 
sputtering  process,  it  has  the  flexibility  to  deposit  coating  composition  with  exceptional 
structural  quality  combined  with  the  relative  ease  with  which  the  process  can  be  automated, 
reproduced  and  controlled,  it  makes  sputtering  an  attractive  production  and  overhaul 
coating  technique.  Some  of  the  inherent  advantages  of  sputtering  are  shown  in  Figure  24. 
This  process  will  soon  be  working  its  way  from  manufacturing  technology  to  the  overhaul- 
floor. 

VIBRATION  DAMPING: 

The  inlet  guide  vanes  of  the  TF30  engine  for  the  F-lll  Aircraft  were  experiencing  prema¬ 
ture  failure  in  as  little  as  fifty  hours  of  operation.  The  analysis  of  the  failures 


revealed  that  the  vanes  were  cracking  due  to  fatigue  as  a  result  of  the  high  stresses 
which  developed  at  certain  engine  speeds.  These  excessive  bending  stresses  in  the  inlet 
guide  vanes  were  caused  by  the  interaction  of  the  incoming  air  with  the  inlet  duct  and 
the  compressor.  The  initial  solution  required  a  redesign  of  the  inlet  duct  and  a  retrofit 
of  the  new  inlet  duct. 

This  problem  was  analyzed  by  Dr.  Jack  Henderson  of  the  AFWAL/ML.  He  developed  a  multiple 
layer  energy  dissipating  adhesive  and  aluminum  constraining  layer  which  was  adhesively 
bonded  to  the  outside  surface  of  the  inlet  guide  vane.  The  selection  of  the  adhesive, 
number  of  layers  and  surf.  _  treatment  was  complex  because  of  the  anti-icing  requirement. 

A  photograph  of  the  damping  wiap  adhesively  bonded  to  the  inlet  guide  vane  is  shown  in 
Figure  25,  The  effectiveness  of  the  damping  treatment  can  be  seen  in  Figure  26.  After 
engine  and  flight  testing,  the  damping  treatment  was  approved  for  application.  This 
damping  treatment  is  being  installed  on  all  TF30  engine  inlet  guide  vanes  during  overhaul 
and  is  applied  on  new  engines.  Similar  type  damping  treatments  are  being  applied  to  the 
TF41  and  TF33  engines.  The  success  of  this  work  has  provided  impetus  for  the  development 
of  high  temperature  polymeric  damping  materials  and  vitreous  enamels.  The  application 
of  damping  treatment  has  demonstrated  that  this  technology  offers  a  solution  to  complex 
problems  and  an  alternative  to  costly  redesign. 

CONCLUDING  REMARKS: 

In  the  past  few  years,  considerable  effort  has  been  directed  at  reducing  the  cost-of- 
ownership  of  turbine  engines  by  translating  various  advanced  materials  and  process 
technologies  to  the  overhaul  floor.  These  technologies  permit  the  repair  of  previously 
salvaged  parts,  enable  parts  to  be  inspected  more  reliably  and  more  quickly,  reduce  the 
number  of  different  coating  facilities  required  and  extend  the  life  of  overhauled  parts. 
The  various  examples  presented  are  just  a  sample  of  some  of  the  efforts  underway  to 
address  the  problem  of  engine  overhaul.  Many  opportunities  exist  in  the  engine  overhaul 
environment  for  reduction  of  operation  and  support  costs  by  the  application  of  advanced 
materials  and  process  technologies. 
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SUMMARY 

This  paper  deals,  in  a  general  sense,  with  the  work  of  the  engine  repair  facility  at  RNAY  Fleetlands 
and  describes  the  major  problems  found  in  the  overhaul  and  repair  of  helicopter  and  marine  gas  turbines. 
Remedies  for  component  reserviceability  and  developments  to  obtain  longer  service  lives  with  a  description 
of  the  techniques  employed  are  discussed. 


INTRODUCTION 

The  RN  Aircraft  Yard,  FLeetlards,  was  established  in  1 9—0  for  the  overhaul  of  aircraft  and  engines 
for  the  Fleet  Air  Arm.  From  repairing  of  Swordfish  and  their  internal  combustion  engines  Fleetlands 
advanced  to  working  on  pure  jet  engines  in  195^  and  then  increasingly  with  helicopter  turbo-Bnaft  engines. 

In  1967  fleetlands  became  the  tri-Serviee  Helicopter  Repair  Centre  and  as  the  largest  group  within  the 
Naval  Aircraft  Repair  Organisation  it  is  responsible  for  the  repair  and  modification  of  helicopters, 
engines  and  components  at  various  leveir.  Its  ether  tasks  include  the  repair  of  hovercraft  and  the  Tyr.e 

and  Olympus  Marine  Gas  Turbines  as  Change  Units  (KGTCUs)  for  the  Fleet. 

These  engines  car,  be  life  expired  or  may  require  specific  work  to  be  carried  out  such  as  repair  of 

foreign  object  damage,  rejection  for  engine  health  monitoring  reasons,  or  part  life  refurbish  of  the  hot 

end  of  a  marine  gas  turbine.  In  addition  aero  engines  may  be  received  for  defect  investigation  or  as 
part  of  service  trials. 

Military  engines  generally  will  have  a  lower  time  between  overhaul  than  those  in  civilian  usage. 

This  reduced  time  can  be  due  to  the  effects  of  rapid  temperature  changes  in  the  hot  end  of  the  engine  and 
the  frequent  change  of  power  output  during  service.  Military  aircraft  and  helicopters  in  particular 
operate  at  lower  altitudes  and  therefore  are  much  more  subject  to  the  machinations  of  the  environment  than 
high  flying  civilian  aircraft.  These  areas  include  operation  in  high  humidity  and  salt  laden  atmospheres, 
making  corrosion  probably  the  greatest  problem  to  overcome  particularly  within  the  Naval  area.  Sand 
provides  in  situ  grit  blasting  and  operation  in  tropical  coastal  areas  produces  all  three,  having  dramatic 
effects  on  cold  end  components.  At  present,  military  aircraft  have  a  low  utilisation  and  this  gives  rise 
to  other  problems  particularly  that  of  corrosion  before  the  engine  would  have  otherwise  completed  its 
designated  life.  RN  service  engines  are  frequently  compressor  washed  with  fresh  water  for  removal  of 
salt  which  if  done  meticulously  is  very  effective.  If  incorrectly  carried  out  the  effect  can  be  worse 
since  salt  deposits  would  be  washed  into  areas  which  operate  at  high  temperature  during  service.  Where 
deposits  are  sooty  or  oily,  detergents  are  employed  but  there  can  be  some  adverse  effects  on  some  diffusion 
coatings. 

The  following  paper  gives  a  general  description  of  engine  overhaul  at  RNAY  with  a  description  of 
particular  problem  arees  found  in  hot  end  components  and  their  repair.  Obviously  many  of  the  schemes 
employed  have  been  developed  by  the  engine  manufacturers  but  an  increasing  proportion  have  been  initiated 
and  developed  within  our  own  organisation  as  is  particularly  the  case  with  the  older  engines.  No  reference 
will  be  made  to  the  compressor  system  but  it  should  be  noted  that  this  area  probably  produces  the  greatest 
proportion  of  problems  found  and  particularly  in  relation  to  saline  corrosion.  Examples  of  hot  end  compo¬ 
nent  failures  are  given  and  although  these  cannot  be  described  as  maintenance  problems  they  do  follow  from 
problems  in  operation  and  I  feel  it  is  appropriate  to  raise  them  at  this  conference. 

GENERAL  OVERHAUL  PROCEDURE 

Tne  aim  of  the  repair  process  is  to  restore  a  degraded  engine  whose  life  has  expired  to  a  state  that 
allows  it  to  complete  a  further  life.  This  procedure  basically  consists  of  6  major  operations:  strip, 
clean,  inspection,  rectification/ealvage,  build  and  teat.  Of  these  no  reference  will  be  made  to  build  and 
test. 

Since  all  parts  of  a  gas  turbine  are  vulnerable  tc  damage  or  wear  during  operation  each  unit  must  be 
completely  stripped.  All  the  engine  types  are  dismantled  in  a  specific  area  by  the  same  operators.  The 
monitoring  of  components  from  each  engine  is  controlled  by  a  system  of  pallets;  the  components  being 
segregated  into  specific  groups  in  pallets  thus  allowing  quick  identification  of  parts  and  easy  transporta¬ 
tion  over  a  system  of  roller  conveyors.  Once  stripped  and  segregated  the  parts  are  dispatched  to  their 
own  special  treatment  areas.  The  majority  of  parts  will  pass  through  a  cleaning  cycle,  typically  consist¬ 
ing  of  a  paraffin  wash  followed  by  immersion  in  one  of  several  degreasing  agents,  a  fresh  water  wash  before 
drying  by  compressed  air  or  in  a  warm  air  cabinet.  In  addition,  items  may  require  the  removal  of  oxidation 
products. 
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Over  the  years  the  Yard  has  beer,  faced  with  significant  problems  in  the  removal  of  high  temperature 
protective  paint*  frees  compressor  blades  without  damaging  the  blades.  Progress  has  been  made  but  it  ©till 
remains  a  problem  area.  As  great  &  problwR  is  related  to  the  ciew.ing  of  hot  end  blade©  due  to  the  tena¬ 
cious  oxidation  and  combustion  products.  Hot  caustic  solutions  are  employed  containing  various  additives 
to  aid  conditioning  of  the  oxide  and  its  removal.  Hot  processing  temperature©  are  in  the  region  of  90**C. 
The  hot  chemical  processing  naa  beer,  found  still  to  be  inadequate  and  the  use  of  ultrasonic  clearing 
associated  with  the  hot  chesical  action  produced  beneficial  results.  More  recer.t  experiments  using  a 
vibratory  polishing  process  allied  with  the  hot  chemicals  appears  to  have  produced  even  better  results. 

Once  cleaned  and  dried  the  components  are  in  a  f  itable  condition  to  be  examined  for  defects.  The 
components  are  surveyed  visually  or  with  binocular  assistance  as  necessary  following  fluorescent  or  dye 
penetrant  crack  detection,  processing.  Higine  blades  are  processed  in  batches  ii.  an  automatic  cleaning 
and  crack  detection  plant  using  the  fluorescent  dye  penetrant  method. 

Many  of  the  initial  stages  of  the  turbine  blades  and  nozzle  guide  vane©  of  our  engines  are  pack  alu- 
minised.  The  cleaning  of  these  component©  is  markedly  more  difficult  thar.  those  without  the  pack  alumi no¬ 
ising  mainly  due  to  the  roughened  surface  of  the  alummised  component  providing  a  better  key,  the  subse¬ 
quent  fluorescent  dye  penetrant  inspection  of  aluminium  blades  can  give  cause  for  some  concern.  It  would 
always  be  preferable  to  remove  the  coating  in  order  to  check  the  integrity  of  the  blade.  This  is  carried 
out  on  Marine  Gas  Turbine  blades  and  nozzle  guide  vanes  but  not  on  our  aero  engines.  The  small  aero 
engine  blade©  would  lose  too  much  material  from  stripping  and  re-applying  any  aluffiaised  coating.  Cracks 
have  been  detected  in  pack  aluminised  blades  and  there  have  been  no  spates  of  failures  arising  from  this 
course  of  action. 

Marine  gas  turbine  blade  and  nozzle  guide  var.es  due  to  the  much  poorer  environment  of  saline  atmos¬ 
phere  allied  with  lower  quality  fuel  do  suffer  severely  and  suspect  components  are  normally  returned  to 
the  manufacturer  for  inspection  and  re-alumir.ising. 

Following  dye  penetrant  inspection  the  next  stage  is  scrutiny  of  each  engine  component  by  a  team  of 
inspectors  whose  task  is  to  reject  those  parts  which  fail  to  meet  the  standards  laid  down  in  the  overhaul 
manual  for  that  particular  engine.  Many  rejected  parts  can  be  restored  to  a  serviceable  condition  ar  i 
are  routed  to  various  support  facilities  within  the  Yard  such  as  the  machine  shop,  plating  shop,  welding 
and  thermal  spraying  groups  etc. 

The  helicopter  engines  and  marine  gas  turbine  are  dealt  with  separately  due  to  the  increased 
severity  of  environment  in  which  the  marine  gas  turbines  operate. 

HELICOPTER  GAS  TURBINES 

(a)  Combustion  System 

The  combustion  chambers  of  the  older  engines  such  as  tr.e  Gazelle,  Nimbus  and  Gnome  are  essentially 
manufactured  from  solid  solution  hardened  alleys  such  as  Ni sonic  ?5  since  they  are  readily  produced 
in  the  form  of  sheet,  possess  good  forming  characteristics,  and  may  be  easily  welded.  However  they 
da  have  only  a  limited  high  temperature  strength  and  significant  cracking  is  found  i*-.  these  older 
systems  from  stress  raisers  such  as  location  slots,  diffuser  and  cooling  roles.  Tirect  weld 
repairs  or  weld  repairs  by  replacement  are  simple  ar.d  involve  argon  arc  welding  with  hO!:i-20Cr  filler 
wire  having  previously  thoroughly  cleaned  the  cracked  areas.  Unclean  joints  will  produce  porous 
welds  and  can  result  in  hot  cracking.  The  arc  gas  is  generally  pure  argon  but  A r/Hg  mixtures  have 
been  used  to  advantage  to  reduce  porosity  levels  and  improve  weld  penetration  for  a  giver,  power  Sett¬ 
ing. 

In  areas  close  to  the  actual  flame  thermal  'atigue  iE  a  significant  problem  and  there  have  beer, 
numerous  failures  in  the  older  engines  such  as  the  early  marks  of  the  Gnome  (Fig  1),  (1).  Tliese 
have  been  somewhat  improved  by  the  replacement  of  various  sections  of  this  particular  system  with 
Hastalloy  X  giving  improved  high  temperature  properties  than  that  of  Nimor.ic  ”5. 

Carbon  erosion  used  to  be  a  problem  in  the  Gnome  but  has  been  e  3ser»tially  removed  by  modifications  to 
the  burner  system,  although  we  still  see  the  occasional  problem. 

The  modern  combustion  chambers  are  based  on  Nimonic  C26j>  materials  (Gem  engine)  a  precipitation 
hardened  alloy.  Our  experience  to  date  has  been  that  every  combustion  chamber  exhibits  distortion 
and  severe  cracking  between  cooling/dif fuser  holes  (Fig  2).  Veld  repairs  following  the  approved 
scheme  results  in  weld  centre-line  cracking  due  to  the  residual  stress  present  within  the  component. 
The  added  presence  of  oxidation  and  combustion  products  does  not  help  the  situation.  Fhe  complete 
removal  of  these  stresses  by  solution  treatment  prior  to  welding  may  solve  this  problem  tut  may 
result  in  further  distorting  the  component  due  to  it©  complex  shape  and  thin  section.  This 
process  is  being  examined  along  with  the  use  of  a  high  temperature  braze  repair  techniaue. 

Fretting  is  a  frequent  occurrence  at  interconnectors  ar.d  locating  flanges*  In  the  older  engines 
these  areas  would  typically  be  hard  chromium  plated  and  when  fretted  beyond  acceptable  limits  repair 
would  be  by  re-hard  chromium  plating  when  possible  or  more  frequently  bv  welding  or.  a  replacement 
part.  'lard  chromium  plating  is  not  the  mgst  suitable  material  for  fretting  resistance  under  these 
conditions  since  at  temperatures  above  ^50  C  its  hardness  drops  draj.-iticuliy  such  that  the  thin  coal¬ 
ing  ie  rapidly  worn  through  resulting  in  localised  wear  occurring  in  the  softer  parent  material, 
usually  Mmcr.ic  ?5*  Re-plating  ther.  become©  impracticable.  Plasma  spraying  using  ©  nickel - 
chromium/chromium  carbide  composite  is  an  effective  repair  to  maintain  design  dimension?  with  a  coat¬ 
ing  that  maintains  good  hardness  and  wear  resistance  at  high  temperatures  \2'-m  The  harder  »» i  more 
fretting  resistant  ceramic  and  tungsten  carbide  containing  composites  were  not  preferred  i.  ecause  tr.e 
operating  temperature  was  such  that  a  degradation  of  these  coatings  would  occur. 

Cracking  ar.d  erosion  of  the  holes  or.  the  Nimbus  diffuser  shown  in  -i.r  j*  is  ©  f recue*. t  pro':}*-., 
direct  weld  repair  of  *V.e  holes  is  not  possible  but  replacement  of  the  diffuser  fro::”  can  :e  readilv 


carried  oat*  H’.is  car  re  performed  by  TIG  processes  b-jt  elmctron  t>«aa»  waldina  gives  *  faster 

result  particularly  when  processed  in  batches,  "raster  reliability  on  weld  quality  is  an  added 

factor.  It  is  anticipated  that  a  similar  tec:.r.i:.;e  car.  te  employed  ir.  the  Afitazou  III’-  diffuser 

wr.ic*  suffers  from  t:.e  same  p  rot  lew  lu*,  after  a  longer  '.ife  due  to  ito  ur^ater  material  t  -  err 

(Fig  4K 

rurciue  Section 

;  1  '.•  Turbine  “lades 

Ir.  general  we  experience  relatively  few  problems  witr.  turbine  cladee  where  tr.ese  clades  are 
separate  items*  Tr.e  gas  generator  blades  are  cast  Hades  of  SF1  ir.ome  ar.d  Nimbus  and 
KAR-M-2^6  iGeaO  and  are  uni i fed.  All  are  pack  alunir.ised  ar.d  invariably  exhibit  good  corro- 
ior.  and  erosion  resistance.  The  blade  tips  however  are  frequently  ground  to  final  size  during 
build  and  thus  tr.ere  is  r.o  protective  coating  at  the  clade  tipE.  This  lack  of  coati  -g  has  net 

resulted  in  any  subsequent  damage  other  than  in  Nimbus  engines  and  even  then  only  in  c lades 
exhibiting  overheating. 

In  the  case  of  the  Nimbus  engine  we  have  been  experiencing  high  levels  of  blade  rejection.  A 
high  percentage  are  rejected  immediately  for  the  burning  of  blade  tips  with  a  comparative  number 
rejected  for  overheating  (Fig  5'.  In  this  latte.-  case  sectioning  of  suspect  blades  is  carried 
Out  to  confirm  the  degree  of  overheating  and  to  ex an in e  tor  any  ether  defects,  such  as  Creep 
damage,  blade  cracking  ar.d  any  c  reaching  of  the  alum  ir.  iced  layer*  Where  these  defects  do  not 
occur  the  blades  remaining  of  the  stage  may  be  subjected  to  a  full  heat  treatment  as  a  salvage, 
drain  boundary  oxidation  of  the  blade  tips  ir.  the  direction  of  the  blade  root  is  being  found 
thus  rendering  the  blades  as  scrap.  The  reasons  for  the  overheating  effects  have  not  yet  been 

established,  but  the  modified  Nimbus  engine  has  generated  problems  in  nozzle  guide  vane  distor¬ 
tion  and  cracking,  the  distortion  of  the  shrouds  frequently  producirgtip  rut,  shown  in  Fig  6  (3). 

(2)  Turbine  rises  ar.d  Sliscs 

These  components  are  lifed  ar.d  generally  will  fulfil  their  designed  lives  before  scrapping. 
Corrosion  ar.d  overheating  problems  are  very  low  ir.  gas  generator  discs.  However,  certain 
components,  notably  the  Gnome  power  turbine  disc  ar.d  shaft  suffer  very  badly  from  corrosion 
pitting  on  tr.e  disc  faces,  fir  tree  roots  ar.d  in  the  shaft  tore  (rig  ^  .  Trials  ir.  the  ure  of 
the  electrophoretic  pair.t,  PL-199,  or.  Gnome  hovercraft  engines  produced  excellent  results  ir.  that 
no  further  corrosion  pitting  or  defects  developing  from  existing  pits  were  found.  However,  this 
potential  solution  having  beer,  found,  material  modifications  from  R FX**4£  to  A2?6  have  beer,  insti¬ 
gated  ar.d  this  is  expected  to  resolve  the  problen. 

The  bliscs  (turbine  blade  and  disc  manufactured  from  the  solid)  are  only  found  ir.  tr.e  NistbuB 
(pre-Nod  7^9)  and  Astazou  IIIN  engines.  Ve  still  see  occasional  failures  ir.  the  2nd  stage 
turbine  of  the  Nimbus  (pre-Mod  719)  due  to  fatigue  failure  initially  ir.  the  trailing  edge  of 
the  blade.  All  of  the  Nimbus  blades  are  pack  alumir.ised  ar.d  give  .satisfactory  performance 
from  a  high  temperature  corrosion/oxidation  viewpoint. 

As  yet  little  can  be  said  on  our  experience  with  the  Astazou  IIIN  ss  we  have  only  just  started 
the  overhaul  of  this  engine  system. 

(3)  ffozzle  Guide  Vanes 

The  nozzle  guide  vanes  are  manufactured  as  a  casting  or  more  generally  as  a  fabrication  with 
var.es  welded  or  brazed  into  the  shrouds  depending  upon  its  operating  temperature.  The  1st 
stage  nozzle  guide  vane  is  manufactured  from  the  higher  temperature  super  alloys  and  would  be 
pack  alumir.ised,  the  following  cooler  stages  generally  of  Nimonic  75  fabrication  with  or  with¬ 
out  aluminised  coatings. 

On  every  engine  that  we  overhaul  cracking  is  always  present,  usually  in  the  tlade/shroud  joints 
and  blade  trailing  edges.  Dependent  upor.  the  position,  size  and  morphology'  of  the  cracks  tr.ev 
can  be  tolerated,  examples  of  which  are  shown  in  Figs  &  and  9*  The  cracks  are  chiefly  due  to 
thermal  effects  such  as  thermal  fatigue  cracks  or.  trailing  edges  or  insufficient  strength  at 
brazed  joints,  or  due  to  engine  and  aircraft  vibration.  Erosion  ar.d  impact  damage  does  occur 
but  in  general  this  is  not  too  serious. 

Repair  work  may  be  conveniently  split  into  those  components  which  are  aluminised  high  tempera¬ 
ture  super  alloys  and  those  of  the  cooler  non-aluminised  Nimonic  75  components.  Until 
recently  RNAY  has  beer,  restricted  to  just  carrying  out  argon  arc  weld  of  cracks  in  the  parent 
material  of  N75  components.  Any  braze  repair  work  would  have  been  returned  to  the  manufacturer. 
Any  such  vacuum  brazing  repair  was  restricted  solely  to  cracks  in  the  braze.  Where  cracks 
branched  into  the  parent  material  these  components  would  be  scrapped. 

Fleetlands  has  recently  been  carrying  out  its  own  programme  on  the  use  of  high  temperature 
braze  repair  using  Ni-based  braze  materials.  Pre-cleaning  of  the  component  ie  most  important 
in  order  to  remove  combustion  ar.d  oxidation  products  within  t.he  crack.  This  can  be  accom¬ 
plished  using  the  standard  cleaning  methods  such  as  itmersior  in  hot  alkaline  solution*,  acia 
pickling  or  grit  blasting  followed  by  a  hign  temperature  anneal  in  dry  hydrogen  or  high  vacuum. 
ThiB  ie  then  followed  by  vacuum  brazing  using  Ni-baoed  alloys  and  a  longer  cycle  time  than 
normally  employed  in  etanuard  brazing  practice.  The  aim  being  to  carry  out  9  diffusion  brazing 
procedure  in  order  to  reduce  and  hopelully  remove  centre  line  piiases  which  wc  Id  be  detrimental 
to  the  joint  mechanical  properties.  The  joint  clearances  of  cracks  vary  from  wide  at  the  mouth 
to  zero  at  the  tip  and  usually  there  are  multiple  cracks  at  varying  orientations.  This 
obviously  creates  problems  initially  on  cleaning  the  crack  root  but  also  on  selection  of  the 


braze  materials  employed.  The  free  flowing  brazes  required  to  penetrate  to  the  r~-_  ♦  of  *  W- 
crack  may  not  be  suitable  for  the  crack  mouth.  Various  combinations  of  braze  mixtures  and 
f  Her  materials  have  been  employed  to  overcome  this  and  also  t.o  be  compatible  with  the  braze 
rri:»t>*rial  used  in  manufacture.  A  number  of  noc.-l^  guide  vanes  hsv-1  o^er.  repaired  using  ?':.e 
above  technique  to  repair  eracke  and  foreign  object  damage  ©i'.owr.  in  rig  .  tr. :  it  will  ie 
interesting  to  observe  their  condition  through  •wr***- i r-mal  service-. 

With  regard  to  the  higher  order  super-alloys,  eg  Nimonic  9C  and  -'26T-,  which  ca-.tain  increasing 
amounts  of  Ti  and  A1 ,  cleaning  o?  the  components  becomes  increasingly  difficult  as  the  levels 
of  Ti  and  A1  increase  since  these  elements  are  essentially  employed  to  inrrenE.e  high  tempera¬ 
ture  oxidation  resistant-  as  well  as  improvyig  the  high  temperature  mechanical  strength 
through  precipitation  of  sub-mi  croecopio  ^  Q-uboids  o?  Ni?  Al,  Ti'J  •  -er<uinly  *«  va  :u  ;m 
cleaning  operation  will  not  be  sufficient  to  clear,  the  cracks  and  oven  extremely  dry  hydr-ver. 
may  be  insufficient.  The  use  oi  a  more  reactive  reducing  species  nay  well  be  the  answer. 

Our  work  on  this  is  continuing. 

(cl  Exhaust  Casings 

The  gas  temperature  in  this  area  of  a  turbo-shaft  engine  tends  to  be  relatively  low  and  materials  such 
as  18/8  austenitic  stainless  steel  or  h'imonic  ?5  are  employed.  The  casings  are  of  complex  shape  to 
deflect  gases  away  from  the  aircraft  fuselage  and  rotor  wn’ch  when  allied  to  the  thin  gauge  materials 
used  inevitably  produce  distortion  and  cracking.  We  have  developed  over  the  years  various  willing 
and  patching  schemes  other  than  those  of  the  manufacturers  for  weld  repair  and  replacement  of  defect¬ 
ive  parts.  Frettage  is  also  a  significant  problem  on  flanges  and  we  are  again  developing  cur  owr. 

schemes  to  combat  this  either  by  replacement  cr  by  the  use  of  plasma  spraying  for  building  up  and 
providing  frettage  resistant  coatings, 

MARINE  GAS  TURBINES  -  TYNE  AND  OLYMPUS 

a)  Combustion  Section 

A  major  source  of  problems  from  the  earliest  days  of  the  marine  gas  turbines  have  been  related  to  the 
fuel  and  combustion  system  (4).  In  both  engines  but  particularly  the  Olympus  the  RN  service  require¬ 
ments  for  smoke  levels  were  never  achieved  using  the  standard  multiflare  can  Olympus)  with  th* 
original  burner.  Extensive  modifications  resulted  in  greatly  improved  smoke  levels  but  at  the  cost 
of  increased  complexity.  This  in  turn  resulted  in  problems  for  J-TCU  interchangeability  when  matching 
spare  GTCUs  with  the  progress  of  module  specifications.  Combustion  can  life  has  been  greatly 
improved  from  1000  hours  for  the  original  to  2500  hours  with  the  developed  phase  1  can,  whiih  when 
combined  with  the  improved  '  ij('  burner  design  gives  generally  satisfactory  performance. 

Typically  problems  related  to  the  can  are  of  cracking  in  the  swirler  vanes  which  may  be  repaired  by 
high  temperature  vacuum  brazing,  as  are  the  occasional  cracks  at  diffuser  holes.  The  inlet  and  out¬ 
let  flanges  are  coated  with  a  detonation  sprayed  tungsten  carbide/cobalt  composite  powder  and  give 
satisfactory  performance,  although  a  plasma  spray  coating  using  the  same  composite  powder  may  be  a 
satisfactory  alternative  at  lower  cost  and  quicker  turn  round  times.  Until  this  summer  RNAY  had  not 
received  the  uprated  version  of  the  Tyne  RM1 A,  the  RM1G. 

Typical  problems  of  the  early  RM1A  engines  would  include  distortion  of  the  Nimonic  ?5  combustion 
chamber,  fretting  at  hard  chromium  plated  interconnectors  and  the  serious  build  up  of  carbon  within 
the  chamber  which,  when  released,  resulted  iri  severe  carbon  erosion  of  downstream  components. 
Improvements  in  burner  design  has  greatly  reduced  this  problem  and  given  a  resultant  increase  in 
engine  1?  fe. 

The  uprated  RM1C  produces  higher  temperatures  resulting  in  greater  di stortion  and  cracking  of  the 
combustion  chambers  (4),  Material  modifications  to  the  stronger  C26 3  alloy  failed  to  cure  this 
problem.  Subsequent  developments  by  the  manufacturer  using  Nimonic  86  with  thermal  barrier  coatings 
are  proving  moat  successful  to  such  an  extent  that  engine  lives  of  5000  Hours  are  now  expected, 

Olympus  burners  suffer  from  severe  corrosion  in  the  barrel  area.  The  component  is  a  O.hfC  item 
forging  with  a  10-15  /3m  nickel  plated  ccating  for  corrosion  protection.  When  exposed  to  sulphurous 
atmosphf re  (the  sulphur  mainly  originating  from  the  Dieso  fuel)  free  sulphuric  acid  is  produced. 

This,  together  with  the  fine  salt  spray  found  in  marine  engines  produces  localised  pitting 
corrosion ,  followed  by  corrosion  beneath  the  nickel  lover  then  subsequent  severe  attack.  A  weld 
repair  scheme  developed  at  Heetlands  salvages  these  components  and  tnc  use  of  ceramic  barrier 
coating  may  well  significantly  reduce  this  problem. 

(b)  Turbine  Section 

As  stated  above,  carbon  erosion  was  a  major  problem  on  the  early  Tyne  RM1A  engines  as  ehown  in 
Figures  11  and  12.  Carbon  ^roeion  still  occurs  but  is  not  now  considered  to  be  a  major  problem. 

With  regard  to  hot  end  corrosion  the  literature  is  full  of  information  of  turbine  blade  deteriora¬ 
tion  under  severe  chloride  ingestion  and  in  the  presence  of  sulphur,  usually  from  the  fuel.  Since 
this  is  a  major  field  of  its  own  it  is  not  proposed  to  discuss  the  mechanisms  here.  Ur  to  the 
present  time  only  pack  alummised  coatings  have  been  employed  in  RN  service  other  than  ir.  service 
trials.  Recent  changes  to  the  use  of  platinum  aluminid*  coatings  are  expected  to  give  longer 
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service  lives  with  a  less  brittle  coating.  Corrosion  effects  are  markedly  temperature  dependent  - 
hot  end  corrosion  is  r.o  different.  There  certainly  appears  to  be  2  forms  of  corrosion  taking 
place  (show:  in  rigs  13  and  1*0,  each  in  its  own  temperature  regime,  and  no  coating  yet  developed 
has  provided  adequate  protection  against  both  forma.  Ttie  implications  from  reported  research  work 
carried  out  in  this  field  are  the  use  of  high  chromium  and  intermediate  aluminium  levels  in  coating 
and  high  Ti/Al  ratioe  in  the  parent  material. 

Th**  ‘°.ige  of  cos  in«s  from  the  standard  pack  aluminising,  through  precious  metal  variants  of  alumin- 
ising  a  the  r^re  recent  M  Cr  ALY  coatings  and  their  applications  by  diffusion  or  overlay  techniques 
is  very  *!ae  an  *  there  is  no  doubt  that  this  is  an  important  area  for  long  term  development*  This 
is  especially  so  as  longer  service  lives  of  gas  turbine  systems  are  demanded. 

NON- DESTRUCTIVE  TESTING 


Hie  standard  techniques  are  employed  in  the  examination  of  hot  components  with  generally  visual, 
dimensional  &r.d  dye  penetrant  examinations  with  judgements  based  on  accumulated  experience  backed  up  by 
resident  engine  manufacturers  representatives.  As  stated  above,  however,  the  one  group  of  components 
which  does  give  some  cause  for  concern  e 't  pack  aluminised  blades  due  to  the  difficulty  in  cleaning  the 
components  without  damaging  the  aluminised  coating.  Cracks  have  been  detected  in  such  blades  and  as 
there  has  been  no  spate  of  failures  we  are  reasonably  satisfied  although  not  complacent. 

One  further  technique  that  we  have  recently  started  specifically  on  turbines  of  the  Astazou  IIIN 
involves  replicating  specific  areas  of  the  component.  These  areas  are  mechanically  and  electrolatically 
polished  to  remove  oxidation  and  combustion  products  and  leave  a  highly  polished  surface.  A  plastic 
replica  is  taken  of  the  surfaces  and  is  then  examined  between  glass  elides  under  a  microscope  for  defects 
which  may  not  be  found  by  dye  penetrant  techniques.  These  would  include  fine  impact  damage,  corrosion, 
surging,  creep  and  fatigue  cracking.  Mechanical  damage  on  the  curvic  coupling  will  also  cause  grain 
boundary  defects,  but  this  is  usually  coarse  enough  to  be  detected  by  dye  penetrant  techniques.  A  certain 
amount  of  rework  is  allowable  and  this  would  be  followed  by  a  repeat  replication  of  the  area  to  ensure  com¬ 
plete  removal  of  the  defects.  The  process  is  time  consuming  and  requires  operator  experience  but  car*  show 
up  significantly  more  detail  than  otherwise  would  have  been  obtained  and  allows  expensive  components  to  be 
re-used  whereas  they  may  have  been  scrapped. 

Where  components  have  been  salvaged  by  welding,  brazing  or  thermal  spraying  techniques  there  is 
obviously  a  need  to  know  that  the  work  has  been  satisfactorily  carried  out.  Such  components  would  be 
subjected  to  dye  penetrant  examination  and  also  X-radiography  when  required  and  where  it  is  practicable. 

All  welders  are  required  to  produce  frequent  test  pieces  which  are  subjected  to  critical  examination,  and 
if  not  satisfactory  can  result  in  the  welder  losing  his  ’’licence”  to  continue. 

The  testing  of  thermally  sprayed  coatings  is  much  more  difficult  since  the  only  real  test  is  e.ie 
involving  destruction  of  the  component.  The  use  of  test  pieces  is  again  required  and  it  is  essential 
that  these  be  carried  out  under  the  same  spraying  conditions  and  those  of  component  for  them  to  be  meaning¬ 
ful*  This  is  particularly  important  where  abradable  seals,  such  as  nickel/graphite,  and  boron  nitride/ 
cement  powders,  are  employed.  Too  soft  a  coating  will  result  in  excessive  coating  wear;  too  hard  a 
coating  will  result  in  blade  tip  wear  or  chipping  of  the  coating  resulting  in  impact  damage  downstream. 

Metal  carbide  containing  coatings  (eg  WC,  CrgCj)  again  would  be  tested  to  ensure  proper  fusion,  distribution 
and  morphology  of  the  carbides,  porosity  levels  and  obviously  for  a  clean  coating/substrate  interface  by 
metallographic  examination. 

Bond  coats  of  Ni-Al  are  normally  subjected  only  to  an  occasional  check  to  ensure  quality  of  the  oat- 
ing  since  these  materials  offer  a  wide  tolerance  in  operating  conditions  during  spraying. 

Wherever  possible  the  process  should  be  automated  to  give  consistency  of  spraying  conditions  between 
components. 

Until  recently  there  was  no  non-destructive  test  of  the  coating  other  than  visually.  Franks  and 
de  Gee  (3)  and  subsequently  Reiter  (6)  have  developed  ultrasonic  methods  to  establish  areas  of  poor  contact 
between  the  coating  and  its  substrate  and  within  the  coating  itself  and  although  this  cannot  be  related  to 
adhesive  strength  must  give  confidence  in  tne  technique. 

CONCLUSION 


In  conclusion  to  what  is  a  somewhat  general  paper  RNAY  Fleetlende  experiences  specific  problems  in 
each  of  the  engine  systems  it  is  required  to  overhaul  and  these  tend  to  be  highlighted  in  component  short¬ 
ages  of  particular  engines,  several  of  which  are  over  20  years  old  and  still  have  to  be  kept  in  service. 

If  specific  areas  must  be  highlighted  these  would  include: 

(a)  Clearing  of  turbine  blades  and  especially  coated  blades  prior  to  inspection, 

(b)  The  problems  associated  with  the  repair  of  aero  engine  nozzle  guide  vanes  and  to  a  lesser  extent, 
combustion  chambers,  which  are  individually  expensive  and  almost  always  in  short  supply.  Research 
carried  out  has  produced  successful  results  in  the  repair  of  the  Nimonic  75  based  NGVs  but  aa  the 
higher  order  Nimonic  alloy  assemblies  certainly  require  more  work. 

Like  any  establishment  working  with  highly  complex  pieces  of  machinery  we  can  be  subjected  to  the 
whims  of  supply  and  it  is  hoped  that  this  paper  g*ves  some  indication  of  our  problem  areas  in  the  field  of 
this  conference  and  developments  that  we  have  adopted  or  developed  ciree^ves  in  order  to  overcome  those 
difficulties. 
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MAINTENANCE  EXPERIENCE  WITH  CIVIL  AERO  ENGINES 

by 
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Propulsion  Systems  Engineer 
Central  Eng.  Dept.  SPL/CG 
KLM  Royal  Dutch  Airlines 
P.O.  Box  7700 
111?  ZL  Schiphol  Oost 
The  Netherlands 


SUMMARY 

In  civil  airline  operation  the  maintenance  and  fuel  costs  are  a  major  item  of  concern 
and  Subject  to  close  control  in  order  to  survive  the  hard  competition  between  the  air¬ 
lines.  Preventive  maintenance  of  gasturbine  engine  High  Temperature  parts  is  mostly 
limited  to  visual  examination  and/or  performance  EGT  trend  shift  triggers,  aiming  at 
avoiding  extensive  secondary  damage.  The  trends  in  maintenance  concept  developments  are 
reviewed,  indicating  the  constant  activities  to  optimize  the  maintenance  cost  of  the  pro¬ 
pulsion  system.  As  a  result  of  the  escalating  trends  in  material  and  fuel  prices,  the 
presently  applied  maintenance  concepts  require  a  more  sophisticated  condition  control 
in  order  to  comply  with  the  need  to  find  the  optimum  operating  time  of  each  indivilual 
engine.  With  the  introduction  of  the  new  generation  of  civil  aircraft  (Airbus  A3'i0)  a 
mutual  goal  between  the  engine  manufacturer  and  the  airline  has  been  defined  to  develop 
mathematical  programs,  based  on  actual  recorded  conditions,  in  order  to  control  the  be¬ 
haviour  of  the  engine,  aiming  at  an  optimum  use  of  the  propulsion  system. 


INTRODUCTION 


For  a  civil  operator  like  KLM  it  is  of  a  prime  objective  to  sell  passenger  and 
freight  transportation,  in  a  fast  and  convenient  way,  competitive  with  other  means  of 
transportation  but  also  economically  justified  and  aiming  at  a  financial  positive  end 
result.  From  this  point  of  view,  maintenance  and  fuel  to  be  used  is  considered  to  be  a 
negative  contribution  to  the  ratio  of  cost  te  revenue.  The  aircraft  propulsion  systems 
are,  because  of  deterioration  and  fuel  burn  reasons,  a  major  contributor  to  the  total 
utilization  cost  of  the  airplane  and  thus  subject  to  continuous  improvements  in  order  to 
obtaxn  the  highest  pi-opulsicn  t'  rust  for  Khe  lowest  fuel  burn  and  weight  penalty. 

Using  gasturbine  engines  for  aircraft  propulsion  a  balanced  compromise  has  to  be  de¬ 
rived  between  two  extremes: 

-  Based  on  tne  Brayton  cycle  a  high  turbine  inl^t  gas  temperature  is  a  prime  contributor 
to  overall  engine  efficiency,  however,  this  has  a  direct  impact  on  material  cost 

and  durability  of  the  engine. 

-  Operating  with  a  low  turbine  inlet  gas  temperature  allows  less  advancea  materials  to 
be  used,  however,  the  resulting  efficiency  loss  has  also  a  large  impact  on  operating 
costs. 

The  practical  side  of  the  problem  is  that  the  past  design  efforts  to  build  more  power¬ 
ful  engines  are  superseded  by  the  design  air.i  to  have  the  most  efficient  engine  against  the 
lowest  utilization  and  maintenance  cost. 


MATERIAL  AND  FUEL  BURN  COSTS 


Both  material  and  fuel  costs  have  escalated  substantially  in  the  past  seven  years, 
resulting  in  proportionally  higher  operating  costs. 


Materials  : 

Cobalt 

+  700% 

Tantalum 

♦  800% 

Titanium 

+  A00% 

Chromium 

+  300% 

Fuel  : 

Jet  A1 

+  700% 

The  composite  price  index  in  the  same  time  perio  1  increased  by  only  +  100%. 

Future  trend  developments  are  hard  to  forecast,  e.g.  a  fuel  price  increase  between  12$ 
and  20%  a  year  "nay  be  expected.  Nevertheless  the  cause  of  the  price  increase  is  shortage 
of  the  major  materials  on  tne  international  market,  and  this  condition  only  tends  to  get 
worse.  The  shortage  on  the  market  led  to  considerations  as  to  which  strategy  has  to  be 
followed.  Options  are:  -  scrap  parts  reclamation  for  recycling. 

-  selected  use  of  materials 
development  of  alternatives. 

-  expansion  of  exploration. 

There  is  not  yet  an  active  program  developed  for  recycling  of  hot  section  parts,  because 
it  is  not  yet  clear  who  should  initiate  this  program.  The  development  of  alternative; 
might  be  the  best  long  term  solution. 
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The  direct  and  related  cost  increase  ir  passed  onto  the  final  users  of  the  materials, 
in  Liiis  case  the  operator,  who  in  turn  is  not  able  to  charge  it  completely  to  tne  passen¬ 
gers  because  of  restrictive  IATA  rules  and  a  strong,  compel  it  ion  between  the  airlines.  The 
answer  to  this  phcnumeri  is  tv  lower  the  overall  c- st  per  pass-  a, :y  d 
most  advanced  aircraft /'engine  types,  tailored  for  a  special  mission.  The  present  effort 
is  v-  [.cent  fit*  .1  >n  the  fuel  burn  aspect,  because  tiiis  has  a  direct  effect  „n  opera! 

cost.  The  raw  material  cost  however,  is  of  secondary  importance  since  it  c.ntair.s  x. 

3*  of  the  final  manufactured  part  price.  In  an  attempt  to  lower  the  total  f  :-V ,  i  he  po¬ 
tential  metal  temperature  and/or  creep  strength  of  the  high  press  turbine  improved  by 
utilizing  the  latest  metallurgical  developments  such  as  direct  ’.-anally  r. .  ii.ifie.i  and  • 
single  crystal  turbine  blades,  blades  with  a  ir  -lie  ■■  i  n.ggt  :.  fore-- :  :  r  :  v.crk,  ;  w 

metallurgy  and  composites. 

The  use  of  these  advanced  techniques  however,  tends  to  form  a  vicious  circle  since  the 
same  basic  materials  are  used,  even  in  a  more  complicated  composition  and  often  more  dif¬ 
ficult  or  not  at  ail  repairable;  resulting  in  higher  engine  part  costs.  The  latest  deveiip 

lent,  the  use  of  ceramic  materials  is  not  yet  ready  for  commerc  ial  introduction.  However 

the  operator  is  interested  in  the  capabilities  of  those  materials  since  another  improve¬ 
ment  in  SFC  might  be  expected  because  of  film  cooling  deletion  and  higher  turbine  inlet 
temperatures  allowed,  t tgethxr  wi*-h  a  ’-elstive  cheap  basic  material.  Also  for  the  com¬ 
bustor  application  (major  cobalt  consumer)  ceramics  might  pe  a  future  development. 


MAINTENANCE  CONCEPT  DEVELOPMENTS 

With  the  commercial  introduction  of  the  gasturbine  engine  for  civil  aircraft  prupulsiv 
the  principles  of  the  military  maintenance  concept  were  adopted. This  hard  time  concept 
started  out  with  the  requirement  to  overhaul  the  complete  engine  ev-ry  toi  operating  hour 
Complete  engine  overhaul  was  applied  up  to  1 9 b 5 ,  and  replaced  by  a  .  i  . :.  :  >  ; 

atihg  hours  for  the  less  Severe  degrading,  cold  section  thin  for  :  ■■■'.■;  ,  :.  i 

Sectional  engine  overhaul  was  applied  in  the  lyuj-ldt'i  time  period  and  replaced  t-.v  an 
engine  module-oriented  shopvisit.  concept.  This  concept,  still  based  on  hard  times,  was 
dedicated  to  the  sequence  of  the  shopvisit,  e .  g.:  the  first  shopvisit  inspection  requires 
inspection  and  repair  of  the  turbine  section  and  visual  inspection  of  the  remaining  en¬ 
gine  sections.  The  second  shopvisit  calls  for  visual  inspection  of  the  low  pressure  com¬ 
pressor  and  overhaul  of  the  remaining  section:;.  The  third  chop  vie  it  requires  overhaul 
the  low  pressure  compressor ,  inspection  and  repair  of  tne  turbine  section  and  a  visual 

inspection  of  the  remaining  engine  sections  Tnis  so  suei.co  was  repeated  up-  till  the  sixth 

shopvisit,  when  a  complete  engine  overhaul  was  applied  and  the  sequence  reinitiated. 

With  the  introduction  of  wide-body  aircraft  in  our  licet  in  i 97.1,  the  maintenance 
approach  was  changed  to  an  "on-condition"  modular  engine  maintenance  conceit,  based  on 
engine-hour  thresholds  for  each  individual  engine  module  at  the  moment  of  shopvisit.  On- 
condition  maintenance,  which  is  still  in  use,  is  based  or.  an  active  line  maintenance  mo¬ 
nitoring  and  inspection  program  aiming  at  detecting  discrepancies  in  an  early  stage,  thus 
avoiding  major  secondary  damage.  The  following  criteria  for  engine  removal  apply: 

-  Accute  (Most  flight  crew  trigger*  confirmed  by  a  maintenance  check) 

-  Deferred  (Most  maintenance  inspection  triggers  with  no  direct  failure  risk) 

-  Other  (Convenience  reasons,  campaigns  or  FAA  limits  if  any) 

Upon  removal  the  worksdope  is  based  on  individual  module  thresholds  each  with  an  upper 
and  a  lower  threshold  limit  with  a  fixed  delta.  The  escalation  of  the  threshold  is  based 
on  a  number  of  two  samples  inspected  and  overhauled,  selected  from  the  engine  inventory 
exposed  for  shopvisit  between  the  upper  and  lower  threshold  and/or  two  samples  with  a 
forced  inspection  and  overhaul  requirement  whenever  the  upper  threshold  is  passed.  All 
shopvisits  without  a  sample  requirement  will  be  treated  according  to  worksoope  compiled 
by  an  Engine  Steeling  Group  considering  shop  i  neci:: ng  inspection  results,  line  mainteuun 
reports,  operational  trend  dat a  and  modification  requirements.  Above  mentioned  procedure 
is  developed  from  past  experience  gained  by  the  operator  and  an  active  design  approach 
of  the  engine  manufacturer  in  constructing  a  modu’ar  engine  suitable  for  this  maintenance 
concept . 

This  present  maintenance  concept  does  not  provide  the  optimum  utilization  of  the  indi¬ 
vidual  engine  for  it  was  assumed  that  the  longest  cn-wing  time  (low  shopvisitrate)  also 
resulted  in  the  lowest  overall  maintenance  cost.  Thi~.,  however,  was  in  general  true  for 
the  time  period  in  which  no  material  and  fuel  ohortage  was  evident.  Two  conditions  re.juir 
close  control  in  order  to  determine  the  optimum  workscope  for  the  engine.  ■ 

1.  Relation  SFC  versus  shopvisit  cost  at  various  shopvisitrates . 

In  general  the  repair  cost  tends  to  go  down  with  a  low  shopvisitrate ,  however^  the  fuel 
cost  tends  to  increase  under  the  same  conditions. 

2.  The  potential  time  to  go  for  each  engine  is  a  fund  i  on  of  the  life  limiting  parts  mar¬ 
gin  build  into  the  engine. 

A  small  margin  results  in  relatively  low  shopvisit  parts  costs,  for  only  tin.'  limiting 
parts  have  to  be  removed.  On  the  contrary  a  high  shopvisitrate  and  the  returning  basic 
handling  costs  results.  However,  a  large  margin  allows  a  lower  shopvisitrate,  but  tie- 
material  cost  will  rise  sharply  as  a  result  of  increased  material  consul::;  t i  ui  i 
utilization  of  part  life.) 

The  optimum  of  the  above  mentioned  conditions  is  not  a  standard  or  fixed  figure,  but  a 
function  of  the  engine  performance  and  material  condition  of  each  individual  engirt  . 
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future  engine  maintenance  requires  a  detailed  health  monitoring  ana  mission  analysis  in 
order  to  create  a  computer  model  capable  of  controlling  the  optimum  life  of  each  engine 
(module),  taking  into  account  the  actual  fuel  prices  and  material  costs.  Above  mentioned 
optimalizaticn  procedures  may  cause  a  change  in  the  on-condition  maintenance  concept,  by 
acting  on  predicted  conditions  rather  than  actual  failures. 


LIMITATIONS  IN  INSPECTION  CRITERIA 


The  condition  monitoring  of  the  engine  is  based  or.  two  routines,  both  aiming  at  an 
optimum  use  of  the  propulsion  system  and  life  limiting  p,arts. 

-  Performance  control:  .  Observation 

.  Acceptance  testing 
.  Trending  against  a  baseline 


-  Mechanical  integrity: 


Visual  checks 
Borescope  inspections 
Oil  analysis 
Non-destruet  ive  test  i  r.g 
Radio- isotope  insp  ect  ions 
Ultrasonic  inspections 


Condition  monitoring  of  the  high  temperature  parts  is  limited  to  detecting  exhaust 
temperature  trend  shifts  at  a  reference  power  setting  and  visual  observation,  mainly  by 
using  borescope  equipment  as  an  aid.  Considering  the  trending  as  an  early  warning  feature 
in  a  more  detailed  visual  inspection,  it  nay  be  concluded  that  the  mechanical  integrity 
of  the  critical  high  temperature  parts  are  only  as  severely  inspected  as  the  visual 
capability  of  the  inspector  allows.  This  is  no  problem  when  inspecting  for  obvious  defects 
such  as  miss ing/bi'oken  or  burned/heavy  eroded  engine  parts,  however,  small  cracks  and 
minor  defects  in  critical  locations  are  hard  to  detect.  Even  for  the  shopvisit  routines 
restrictions  are  enc,. imteivd  with  respect  to  determining  the  remaining  thickness  of  the 
thermal  coating  on  the  turbine  blades  and  vanes.  The  present  procedure  to  strip  and  re¬ 
coat  the  turbine  blade  and  vane  surface?  at  a  vert  a  hi  threshold  value  gives  rv>  information 
with  respect  to  the  real  coating  condition  as  it.  is.  However  this  rerouting  process  may 
have  an  impact  on  the  remaining  fatigue  and  rupture  strength. 


From  an  operational  point  of  view  it  might  be  concluded  that  the  less  severely  an  en¬ 
gine  is  used,  the  lower  the  fatique  chance  and  deterioration  will  be.  Because  the  take¬ 
off  mode  of  the  aircraft  has  the  largest  impact  on  the  life  of  the  engine,  derating  was 
iritr  Muced  as  a  first  attempt  to  comply  with  the  objective  to  conserve  on  maintenance 
cost.  Derating  is  presently  applied  whenever  feasible.  However,  it  is  not  yet  an  active 
tool  to  extend  tin  useful  life  vf  up,-  limit,  .:  conpcinhs  of  me!,  indivj du:.l  engine. 


FUTURE  CONTROL  OF  HIGH  TEMPERATURE  FAKT3 


Since  appropriate  methods  are  not  yet  available  to  control  the  basic  engine  behaviour 
in  a  more  sophisticated  way,  a  mathematical  method  to  count  the  severity  of  the  cycles 
in  a  flight  mission  was  developed  fer  military  use.  Although  less  severe  in  respect  to 
the  military  missions,  the  routes  flown  by  the  civil  operator  could  be  subjected  to  the 
application  of  these  mathematical  routines.  The  first  attempt  to  utilise  this  approach 
on  civil  aircraft,  conducted  by  SAS  and  supported  by  Fratt  S  Whiti.ey,  is  based  on  a 
mission  analysis  program  using  statistical  data.  The  severity  factor  defition,  based  oil 
actual  data  has  not  yet  been  evaluated,  but  future  on-board  recording  systems  like  the 
AIDS  on  the  AIRBUS  AilO  are  defined  in  such  a  way  that  all  corner  point  conditions  are 
recorded  and  thus  available  for  mere  detailed  severity  analysis. 

For  the  A310  the  engine  manufacturers  made  commitments  to  develop  an  integrated  refined 
cycle  counting  program  as  part  cf  the  engine  condition  monitoring  package.  The  operator 
needs  the  manufacturer's  know-how  concerning  the  significant  temperature  and  loading 
characteristics  of  the  selected  materials  and  the  resulting  impact  from  exposure  to  oper¬ 
ating  conditions  in  ter--  of  low  cycle  fatigue  and  thermal  cycles,  fchtrol  of  the  mecha¬ 
nical  condition  of  the  engine  parts,  combined  with,  a  module  oriented  performance  condition 
monitoring  program  such  as  Gas  Path  Analysis  applied  "  r.-wing",  wic!:  is  disc  a  maihema- 
tical  program  providing  valuable  information  in  respect  to  the  actual  engine,  n.'dulr  and 
senscr  condition,  crovides  an  overall  assessment  cf  the  engine  and  it?  parts  condition. 

In  the  operators  opinion  these  new  mathematical  approaches  are  a  potential  feature  to 
control  the  advanced-design  and  extremely  costly  high  temperature  parts  and  fuel  burn  in 
order  to  utilize  the  optimum  life  of  the  engine. 

It  may  be  concluded  that  the  civil  operators  are  forced  to  become  aware  of  the  need  to 
create  or  obtain  an  effective  maintenance  tool  to  further  control  the  behaviour  of  the 
engine  in  order  to  optimize  the  material  uses  and  fuel  consumption,  all  aiming  at  the 
obj-.ctive  to  keep  air  transportation  economically  justified. 
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ABSTRACT 

Traditionally,  cyclic  life  limited  gas  turbine  engine  components  have  been  retired  from  service  when  they  reach  an  analytically 
determined  lower  bound  life  where  the  first  fatigue  crack  per  1000  parts  could  be  expected.  By  definition,  99.9%  of  these  componenta 
are  being  retired  prematurely  as  they  have  (as  a  population)  considerable  useful  life  remaining.  Retirement  for  Cause  (RFC)  is  a 
procedure  which  would  allow  safe  utilization  of  the  full  life  capacity  of  each  individual  component.  Since  gas  turbine  rotor  components 
are  prime  candidates  and  are  among  the  most  costly  of  engine  components,  adoption  of  a  RFC  maintenance  philosophy  could  result  in 
substantial  engine  systems  life  cycle  cost  savings  Two  major  technical  disciplines  must  be  developed  and  integrated  to  realize  these  cost 
savings:  Fracture  Mechanics  and  Nondestructive  Evaluation.  This  publication  discusses  the  methodology  and  development  activity- 
required  to  integrate  these  disciplines  that  provide  a  viable  RFC  system  for  use  on  military  gas  turbine  engines.  The  potential  economic 
benefits  of  its  application  to  a  current  engine  system  are  also  illustrated- 


INTRODUCTION 


Historically,  methods  used  for  predicting  the  life  of  gas  turbine  engine  rotor  componenta  have  resulted  in  a  conservative  estimation 
of  u£efui  life.  Moat  rotor  components  are  limited  by  low  cycle  fatigue  (LCF),  generally  expressed  in  terms  of  mission  equivalency  cycles 
or  equivalent  engine  operation  hours.  When  some  predetermined  life  limit  is  reached,  componenta  are  retired  from  service. 

Total  fatigue  life  of  a  component  consists  of  a  creek  initiation  phase  and  a  crack  propagation  phase.  Engine  rotor  component 
initiation  life  limits  are  analytically  determined  using  lower  bound  LCF  characteristics.  This  is  established  by  a  statistical  analysis  of 
data  indicating  the  cyclic  life  at  which  1  in  1000  components,  such  as  disks,  will  have  a  fatigue  induced  crack  of  approximately  0.8  mm 
length-  By  definition  then,  99.9%  of  the  disks  are  being  retired  prematurely.  It  has  been  documented  that  many  of  the  999  remaining 
retired  disks  have  considerable  useful  residual  life.  Retirement  for  Cause  would  allow  each  component  to  be  used  to  the  full  extent  of 
its  safe  total  fatigue  life,  retirement  occurring  when  a  quantifiable  defect  necessitates  removal  of  the  component  from  service  The  defect 
size  at  which  the  component  is  no  longer  considered  safe  is  determined  through  nondestructive  evaluation  and  fracture  mechanics 
analyses  of  the  disk  materia!  and  the  disk  fracture  critical  locations,  the  service  cycle,  and  the  overhaul/inspection  period.  Realization 
and  implementation  of  a  Retirement  for  Cause  Maintenance  Methodology  will  result  in  system  coat  savings  of  two  types:  direct  cost 
savings  resulting  from  utilization  of  parts  which  would  be  retired  and  consequently  require  replacement  by  new  parts;  and  indirect  cost 
savings  resulting  from  reduction  in  use  of  strategic  materials,  reduction  in  energy  requirements  to  process  new  parts,  and  mitigation  of 
future  infiationary  pressure  on  coat  of  new  parts. 


RETIREMENT  FOR  CAUSE  METHODOLOGY 

Ptufcrtoptiy  —  The  fatigue  process  for  a  typical  rotor  component  such  as  a  disk  can  be  visualized  as  illustrated  in  Figure  l.  Total  fatigue 
life  consists  of  a  crack  initiation  phase  followed  by  growth  and  linkup  of  microcracks.  The  resulting  macxocrack(s)  would  then  propagate 
subcritically  until  the  combination  of  service  load  (stress)  and  crack  size  exceeded  the  material  fracture  toughness.  Catastrophic  failure 
would  result  if  the  component  had  not  been  retired  from  service.  To  preclude  such  cataclysmic  disk  (and  possibly  engine)  failures,  disks 
are  typically  retired  at  the  time  where  1  in  1000  could  be  expected  to  have  actually  initiated  a  short  (0.8  mm)  fatigue  crack.  By  definition 
when  99.9%  of  the  retired  disks  still  have  useful  life  remaining  at  the  time  they  are  removed  from  service.  Under  the  retirement  for  cause 
(RIO  philosophy,  each  of  these  disks  could  be  inspected  and  returned  to  sevice.  The  rsturn-to-aervice  (RTS)  interval  is  determined  by 
a  fracture  mechanics  calculation  of  remaining  propagation  life  from  a  crack  just  small  enough  to  have  been  missed  during  inspection. 
This  procedure  could  be  repeated  until  the  disk  has  incurred  measurable  damage,  at  which  time  it  is  retired  for  that  reason  (cause). 
Retirement  for  Cause  is  a  methodology  under  which  an  engine  component  would  be  retired  from  service  when  it  had  incurred 
quantifiable  damage,  rather  than  because  an  analytically  determined  minimum  design  life  had  been  reached.  Its  purpose  is  not  to  extend 
the  life  of  a  rotor  component,  but  to  utilize  safely  the  full  life  capacity  inherent  in  that  component 

This  philosophy  in  itself  is  not  new,  ami  has  been  used  successfully  in  the  past  for  low-stressed  components  which  were  generally 
durability,  not  fracture,  critical.  For  this  discussion,  fracture -critical  components  are  those  components  whose  failure  would  likely  result 
in  engine  power  loss  preventing  sustained  flight  through  single  or  progressive  parts  failure.  Durability  critical  component*  are  those  parts 
whose  failure  would  result  in  a  significant  maintenance  burden  but  would  not  likely  result  in  a  flight  safety  problem.  The  advent  of  high 
thrust -to- weight  engines  with  sophisticated  (and  costly)  rotor  components  made  from  critical  strategic  materials,  coupled  with  advances 
in  the  understanding  of  the  fracture  processes,  and  improvements  in  nondestructive  ins  pi  .'lion,  has  pre-  opted  a  renewed  interest  in 
applying  this  philosophy  to  fracture  critical  componenta. 

flat hlu il  Ufa  —  For  simplicity,  this  section  will  consider  component  life  limits  which  have  been  determined  from  the  crack  initiation 
characteristics  of  the  specific  disk  material,  and  will  not  address  ’.be  problem  of  intrinsic  crack  life  defects.  While  damage  tolerant 
concepts  are  utilized  in  some  instances  to  establish  life  limits,  the  majority  of  components  in  current  gas  turbine  engines  have  had  life 
limits  set  by  an  initiation  criterion. 

All  fatigue  data  have  inherent  scatter.  The  data  base  used  for  design  life  analysis  purposes  must  be  applicable  to  all  disks  of  a  given 
material,  and  therefore  includes  test  results  from  many  heats  and  sources.  Data  are  treated  statistically  as  shown  schematically  in 
Figure  2.  The  distribution  of  life,  defined  as  the  number  of  cycles  necessary  to  produce  a  crack  approximately  0.08  mm  long,  is  obtained 
for  a  given  set  of  loading  conditions  (stress/strain,  time,  temperature)  As  can  be  seen,  the  ±  2v  bounds,  which  contain  95%  of  the  data, 
may  Bpan  two  orders  of  magnitude  in  fatigue  initiation  life. 


Critical 


Figure  I  Total  Fatigue  Life  Segmented  Into  Stages  of  Crack  Development, 
Subi.nl uni  ilroteth  and  Final  Fracture 
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Figure  2  Material  Data  Scatter  Results  in  Conservative  Life  Prediction 


When  considered  with  other  uncertainties  in  any  design  system  {e.g.,  stress  analysis  error,  field  mission  definition,  fabrication 
deviations,  temperature  profile  uncertainty)  the  final  prediction  is  made  for  disk  crack  initiation  life  for  an  occurrence  rate  of  1  in  1000 
disks.  It  is  at  thi-",  life  that  all  !  XT-limited  d;sks  are  removed  from  service.  This  procedure  has  successfully  prevented  catastrophic 
in-service  failures  However,  in  retiring  1000  disks  because  one  may  crack,  the  remaining  life  of  the  999  good  disks  ib  not  utilized.  The 
amount  of  usable  life  remaining  can  be  significant,  as  shown  in  Figure  If  Over  80%  of  the  disks  have  at  least  10  lifetimes  remaining. 

The  means  of  extracting  the  remaining  useful  life  from  each  disk  must  be  safe  to  avoid  catastrophic  failure.  This  is  done  by 
determining  the  disk  crack  propagation  life  ( N, )  (at  every  critical  location)  from  a  defect  bare>v  small  enough  to  be  missed  during 
inspection.  The  RTS  interval  is  then  calculated  by  conducting  a  life  cycle  cost  (LCC)  analysis  to  determine  the  most  economical  safety 
factor  (SF)  to  apply  to  the  shortest  N,.  (HI'S  interval  “  N,/6»F).  C  ost  v»  SF  is  plotted  for  each  individual  disk,  and  combined  to  determine 
the  most  economical  interval  to  return  an  engine  cr  engine  module  for  inspection.  An  example  19  shown  in  Figure  4. 

Ideally,  the  first  required  disk  inspection  is  at  or  near  the  end  of  the  analytically  determined  crack  initiation  life.  Only  one  disk  in 
1000  of  that  type  inspected  should  have  a  crack  and  be  retired.  The  remaining  999  could  be  relumed  to  service  for  the  calculated  RTS 
interval.  This  process  is  repeated  at  the  end  of  each  RTS  interval  until  a  defect  is  found  whose  residual  life  would  not  allow  safe 
completion  of  the  RTS  interval,  or  conversely,  would  require  such  a  short  RTS  interval  that  it  is  not  economically  or  logistically  feasible. 
Then,  at  the  end  of  each  RTS  interval  unsafe  disks  are  retired  and  the  others  returned  to  service.  Figure  5  illustrates  how  the  residual 
life  is  extracted  from  each  disk  after  the  analytically  determined  crack  initiation  life  is  used. 
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ABSTRACT 

Traditionally,  cyclic  life  limited  gus  turbine  engine  components  have  been  retired  from  service  when  they  reach  an  analytically 
determined  lower  bound  life  where  the  first  fatigue  crack  per  1000  part*  could  be  expected.  By  definition,  99.9%  of  these  component* 
are  being  retired  prematurely  as  they  have  (as  a  population)  considerable  useful  life  remaining.  Retirement  for  Cause  (RFC)  is  a 
procedure  which  would  allow  safe  utilization  of  the  full  life  capacity  of  each  individual  component.  Since  gas  turbine  rotor  components 
are  prime  candidates  and  are  among  the  most  costly  of  engine  components,  adoption  of  a  RFC  maintenance  philosophy  could  result  in 
substantial  engine  systems  life  cycle  cost  savings.  Two  major  technical  disciplinea  must  be  developed  and  integrated  to  realize  these  coat 
savings:  Fracture  Mechanics  and  Nondestructive  Evaluation.  This  publication  discusses  the  methodology  and  development  activity 
required  to  integrate  these  disciplines  that  provide  a  viable  RFC  system  for  use  on  military  gas  turbine  engines.  The  potential  economic 
benefits  of  its  application  to  a  current  engine  system  are  also  illustrated. 

INTRODUCTION 


Historically,  methods  used  for  predicting  the  life  of  gas  turbine  engine  rotor  components  have  resulted  in  a  conservative  estimation 
of  useful  life.  Most  rotor  component*  are  limited  by  low  cycle  fatigue  (l.CF).  generally  expressed  in  terms  of  mission  equivalency  cycles 
or  equivalent  engine  operation  hours.  When  some  predetermined  life  limit  is  reached,  components  are  retired  from  service. 

Total  fatigue  life  of  a  component  consists  of  a  crack  initiation  phase  and  a  crack  propagation  phase.  Engine  rotor  component 
initiation  life  limits  are  analytically  determined  using  lower  bound  LCF  characteristics.  This  is  established  by  a  statistical  analysis  of 
data  indicating  the  cyclic  life  at  which  1  in  1000  components,  such  as  disks,  will  have  a  fatigue  induced  crack  of  approximately  0.8  mm 
length  By  definition  then,  99.9%  of  the  disks  are  being  retired  prematurely.  It  has  been  documented  that  many  of  the  999  remaining 
retired  disks  have  considerable  useful  residual  life.  Retirement  for  Cause  would  allow  each  component  to  be  used  to  the  full  extent  of 
its  ssfe  total  fatigue  life,  retirement  occurring  when  a  quantifiable  detect  necessitates  removal  of  the  component  from  service.  The  defect 
size  at  which  the  component  is  no  longer  considered  safe  is  determined  through  nondestructive  evaluation  and  fracture  mechanics 
analyses  of  tne  disk  material  and  the  disk  fracture  critical  locations,  the  service  cycle,  and  the  overhuul/inspection  period.  Realization 
and  implementation  of  a  Retirement  for  Cause  Maintenance  Methodology  will  result  in  system  cost  savings  of  two  types:  direct  coet 
savings  resulting  from  utilization  of  parts  which  would  be  retired  and  consequently  require  replacement  by  new  parts;  and  indirect  cost 
savingo  resulting  from  reduction  in  use  of  strategic  materials,  reduction  in  energy  requirements  to  process  new  parts,  and  mitigation  of 
future  inflationary  pressure  on  cost  of  new  parts 


RETIREMENT  FOR  CAUSE  METHODOLOGY 

Philosophy  —  The  fatigue  process  for  a  typical  rotor  component  such  as  a  disk  can  be  visualized  as  illustrated  in  Figure  1.  Total  fatigue 
life  consist*  of  a  crack  initiation  phase  followed  by  growth  and  linkup  of  microcraeks.  The  resulting  macrocrack(s)  would  then  propagate 
subcritically  until  the  combination  of  service  load  (stress)  and  crack  size  exceeded  the  material  fracture  toughness.  Catastrophic  failure 
would  result  if  the  component  had  not  been  retired  from  service,  To  preclude  such  cataclysmic  disk  (and  possibly  engine)  failures,  disks 
are  typically  retired  at  the  time  where  I  in  1000  could  be  expected  to  have  actually  initiated  a  short  (0.8  mm)  fatigue  crack.  By  definition 
when  99.9%  of  the  retired  disks  still  have  useful  life  remaining  at  the  time  they  are  removed  from  service.  Under  the  retirement  for  cause 
(RFC)  philosophy,  each  of  these  disks  could  be  inspected  and  returned  to  sevice.  The  return-to-service  (RTS)  interval  is  determined  by 
a  Fracture  mechanics  calculation  of  remaining  propa/iation  life  from  a  crack  just  small  enough  to  have  been  missed  during  inspection. 
This  procedure  could  be  repeated  until  the  disk  has  incurred  measurable  damage,  at  which  time  it  is  retired  for  that  reason  (cause). 
Retirement  for  Cause  is  a  methodology  under  which  an  engine  component  would  he  retired  from  service  when  it  had  incurred 
quantifiable  damage,  rather  than  because  an  analytically  determined  minimum  design  life  had  been  reached.  Its  purpose  is  not  to  extend 
the  life  of  a  rotor  component,  but  to  utilize  safely  the  full  life  capacity  inherent  in  that  component, 

This  philosophy  in  itself  is  not  new,  and  has  been  used  successfully  in  the  past  for  low-atreBsed  components  which  were  generally 
durability,  not  fracture,  critical.  For  this  discussion,  fracture-critical  components  are  those  components  whoss  failure  would  likely  result 
in  engine  power  loss  preventing  sustained  flight  through  single  or  progressive  part*  failure.  Durability  critical  component!  are  those  part* 
whoa*  failure  would  result  in  a  significant  maintenance  burden  but  would  not  likely  result  in  a  flight  safety  problem.  The  advent  of  high 
thrusttoweight  engines  with  sophisticated  (and  costly)  rotor  components  made  from  critical  strategic  materials,  coupled  with  advances 
in  the  understanding  of  the  fracture  processes,  and  improvements  in  nondestructive  inspection,  has  prompted  a  renewed  interest  in 
applying  this  philosophy  to  fracture  critical  components. 

Residua*  Jfe  —  For  simplicity,  this  section  will  consider  component  life  limit*  which  have  been  determined  from  the  crack  initiation 
characteristics  of  the  specific  disk  material,  and  will  not  address  the  problem  of  intrinsic  crack-life  defects.  While  damage  tolerant 
concepta  are  utilized  in  some  instances  to  establish  life  limits,  the  majority  of  component*  in  current  gas  turbine  engines  have  had  life 
limits  set  by  an  initiation  criterion. 

All  fatigue  data  have  inherent  scatter.  The  data  base  used  for  design  life  analysis  purposes  must  be  applicable  to  all  disks  of  a  given 
material,  and  therefore  includes  test  results  from  many  heats  and  sources.  Data  are  treated  statistically  as  shown  schematically  in 
Figure  2.  The  distribution  of  life,  defined  as  the  number  of  cycles  necessary  to  produce  a  crack  appfosimately  0.08  mm  long,  is  obtained 
for  a  given  set  of  loading  conditions  (stieas/strain,  time,  temperature).  As  can  be  seen,  the  *  2rr  bounds,  which  contain  96%  of  the  data, 
may  span  two  orders  of  magnitude  in  fatigue  initiation  life. 
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Figure  5,  Haaic  Retirement  for  Cause  Concept 


In  practice,  gBs  turbine  engines  are  overhauled  periodically  prior  to  reaching  the  crack  initiation  life  limits  of  their  rotor 
components.  This  type  of  procedure  could  also  be  used  at  these  overhauls  to  prevent  failure  from  rcctue  defects.  A  HKl'  maintenance 
scheme  could  he  tailored  to  be  compatible  with,  and  an  extension  of,  the  maintenance  “rythm"  for  a  given  engine  system.  Initially,  it  is 
anticipated  that  components  selected  for  RFC  would  he  components  that  already  receive  inspections  at  scheduled  overhaul  periods. 
These  periods  are  some  increment  of  the  expected  crack  initiation  life;  therefore,  present  methods  for  predicting  crack  initiation  life  are 
adequate.  Because  of  this,  improved  accuracy  in  knowing  the  initiation  life  and  understanding  'he  initiation  phenomena,  while  desirable, 
is  not  absolutely  necessary.  Also,  it  is  anticipated  tnat  upon  initial  implementation  of  RFC.  any  component  found  to  have  a  service 
induced  defect  of  any  detectable  size  would  be  retired  even  (hough  a  eraek  propagation  analysis  would  indirate  sufficient  residual  life 
for  additional  RTS  intervals  As  field  service  experience  builds  confidence,  or  as  specific  system  nupporiability  problems  dictate, 
utilization  of  the  total  residual  (propagation}  life  in  setting  RTS  intervals  could  be  done.  However,  assuming  that  only  the  initiation 
lifetimes  shown  in  Figure  3  were  utilized,  significant  economic  benefit*  would  be  obtained. 

TECHNOLOGY  DEVELOPMENT  REQUIRED 


As  Figures  4  and  5  illustrate,  RTS  intervals  are  based  on  two  broad  technologies;  nondestructive  evaluation  (NDE)  and  applied 
fracture  mechanics,  and  evaluated  baaed  upon  economic  factors. 

Fracture  mechanics  muat  provide  an  amassment  of  the  behavior  of  a  crBcked  part  should  it  pass  NDE  with  a  defect  just  below  an 
inspection  limit.  To  assure  safe  return  to  service  of  a  part  which  may  contain  a  small  crack,  an  accurate  crack  propagation  prediction  is 
imperative.  Recent  strides  in  applied  elevated  temperature  fracture  mechanics  (References  1,  ii.  3,  and  4)  have  provided  the  necessary 
mathematical  description  (models)  of  basic  propagation,  i.e.,  crack  growth  under  conditions  of  varying  loading  frequency  (v),  stress  ratio 
(R),  and  temperature  (T).  Further  work  (References  5  and  H)  has  expanded  this  capability  to  include  loading  spectra  synergism,  i.e., 
crack  growth  subjected  to  (frequent)  peritdic  major  load  excursions  separated  by  a  small  number  (10-60)  of  varying  subcyrles.  It  Is 
important,  to  note  that  a  typical  mission  loading  spectrum  to  which  gas  turbine  engines  are  subjected  bears  little  resemblance  to  that 
axperienced  by  air  frames,  and  therefore  different  predictive  tools  are  required  for  each  (Reference  7), 

Referring  again  to  Figure  5,  it  is  seen  that  accurate  propagation  predictions  constitute  a  necessary,  but  not  sufficient,  condition  for 
the  implementation  of  retirement  for  cause  (RFC),  The  olaer  requisite  technology  is  high  reliability  nondestructive  evaluation.  NDE 
must  provide  the  means  of  screening  disks  with  flaws  that  could  cause  component  failure  within  an  economically  feasible  RTS  interval. 
Insufficient  NDE  reliability  has  been  a  major  argument  against  implementation  of  sn  RFC  maintenance  program,  NDE  capability  with 
acceptable  flaw  detection  resolution  has  been  available  for  some  time  (References  8  and  9),  but  adequate  reliability  or  flaw  detection  has 
been  lacking  (Reference  10).  Complementary  impactions  and  improvements  in  NDE  single  inspection  reliability  (by  automation),  can 
provide  the  required  reliability  for  many  gas  turbine  engine  components  to  economically  utilize  the  RFC  maintenance  concept 

The  fracture  mechanics  approach  to  estimating  component  service  life  is  based  on  the  assumption  that  materials  may  contain 
intrinsic  Haws,  and  that  fatigue  failure  may  uccur  as  a  result  of  progressive-  growth  of  one  or  more  of  those  flsws  into  a  critical  crack 
Thus,  the  prediction  and  monitoring  of  crack  growth  aa  a  function  of  time  (or  cycles)  becomes  one  of  the  basic  requirements  of  the 
analysis  system.  To  utilize  such  an  approach  in  practice  requires  quantitative  information  on  component  stress,  materials  characteristics, 
and  nondestructive  evaluation  capabilities.  Much  of  this  infurmation  cannot  he  defined  ss  a  single  value,  but  must  he  described  by  a 
probability  distribution.  Two  examples  are:  the  probability  that  a  flaw  of  a  given  size  will  exist  in  virgin  material,  or  the  probability  of 
finding  a  given  flaw  size  with  a  standard  inspection  procedure  In  order  to  obtain  a  deterministic  fracture  mechanics  life  prediction 
(given  these  distributions),  the  conventional  approach  has  been  to  use  worst  case  assumptions  for  all  parameters.  Employing  all  worst 
case  assumptions  (deterministic)  necessarily  result*  in  a  conservative  estimate  for  the  service  life  of  the  component 

To  circumvent  this  difficulty,  the  problem  can  be  treated  probabilistically.  A  dosed  form  solution,  which  lakes  into  account  all  the 
required  probabilities,  is  far  too  complex  to  be  practicable.  An  alternative  solution  is  to  employ  computer  simulation  techniques.  A 
probabilistic  life  analysis  (References  11  and  12)  would  use  a  distribution  of  Raw  sizes.  This  type  of  analysis  ri-sul'  in  failure  probability 
as  a  function  of  time,  Includes  NDE  reliability,  and  allows  selection  of  an  RTS  interval  to  obtain  an  acceptable  (l>  w)  failure  probability 
with  realistic  NDF.  reliability. 

Both  deterministic  and  probabilistic  methods  could  provide  some  of  the  NDE  relisbility  through  multiple  inspection*  and/or 
through  higher  NDE  limit*  due  to  shorter  RTS  intervals.  Since  mary  NDE  errors  are  the  result  of  human  frailty,  multiple  inspections 
ahd  automation  can  enhance  detection  reliability.  A  probabilistic  life  analysis  system,  however,  would  have  the  ability  to  aerununodole 
NDE  reliability  (probability  of  detection  versus  crack  length)  distributions  and  assess  their  effect  upon  RFC  efficiency.  Obviously,  high 
reliability  NDE  is  desired  to  optimize  the  economic  benefits  of  RFC. 


THE  RFC  PROCEDURE 


The  RFC  flow  chut  (Figure  6)  illustrates  a  simplified  view  of  how  this  maintenance  concept  can  be  utilized.  When  an  engine  (or 
module)  is  returned  for  maintenance,  an  economic  analysis  ia  performed  on  the  engine  or  module  li  e.,  fan,  compressor,  high  turbine,  or 
low  turbine)  identified  as  a  participant  of  the  RFC  maintenance  program,  if  the  module  has  already  been  in  service  for  several  inspection 
intervals,  the  probability  of  finding  cracked  puts  may  be  great  enough  to  make  reinapection  economically  undesirable  and  specific 
components  of  that  module  are  retired  without  being  inspected.  This  is  determined  by  the  economic  analysis  at  decision  point  one  and  is 
one  of  three  possible  decisions.  An  unscheduled  engine  removal  (UER)  may  bring  a  module  out  of  service  that  ia  mote  economical  to 
return  to  service  for  the  remainder  of  its  inspection  interval  than  to  inspect  and  recertify  it  for  a  new  full  interval  (the  second  possible 
decision  at  point  one).  The  remaining  cho'ce  at  point  one  is  to  tear  down  the  module  and  inspect  the  parts.  During  inspection,  there 
again  are  three  possibilities  (decision  point  two).  If  no  crsck  is  found,  the  part  ia  returned  to  service.  If  the  disk  is  found  to  be  unsafe,  it 
is  retired.  The  third  choice  is  to  investigate  modification  or  repair  of  a  flawed  pert.  An  economically  repairable  put  may  be  repaired  and 
returned  to  inspection  (decision  point  three). 
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Figure  6  Retirement  for  Cauie  Flow  Chart 


AM  AmiCATIOM  OF  RmROAEMT  FOR  CAUSE 


The  application  of  a  RFC  maintenance  approach  to  a  military  gas  turbine  engine  has  been  studied  (Reference  13),  and  development 
activity  a  underway  to  reduce  the  RFC  concept  to  practice.  The  demoostratwc  and  first  uaptementatiOB  system  is  the  United  States  Air 
Force  (USAF)  FlOO  engine.  This  engine  Is  an  augmented  lurbofan  engine  m  The  lid  kN  thrust  class  with  a  thrust -to  weight  ratio  m 
excess  of  8  to  1.  The  engine  is  currently  in  operational  service  around  the  world  in  the  twin-engine  McDonnell- Douglas  F-15  and  single 
engine  General  Dynamics  F-16  fighter  aircraft. 

The  FlOO  is  an  axial  flow,  low-bypass,  high  compression  ratio,  twin  spool  engine  with  an  annular  combustor  and  common  flow 
augmentor.  It  has  a  three-stage  fan  driven  by  a  two-stage,  low-pressure  turbine  and  a  ten-stage  compressor  driven  by  a  two-stage, 
high  pressure  turbine.  The  engine  consists  of  five  major  modules:  fan,  core  (compressor,  combustor  and  compressor-drive  turbine),  fan 
drive  turbine,  augmentor  and  exhaust  nozzle,  and  gearbox.  Each  module  is  completely  interchangeable  from  engine-to -engine  at  the 
intermediate  maintenance  level.  The  modular  approach  was  selected  so  that  either  functionally  or  physically  related  parts  can  be 
removed  as  units. 

The  objective  of  the  study  program  was  to  determine  the  feasibility  of  applying  a  RFC  maintenance  approach  to  the  USAF  FlOO 
engine.  The  study  was  directed  primarily  toward  rotating  components  of  that  engine,  specifically  the  various  fan,  compressor  and  turbine 
disks  and  the  spacers/air  seals  that  comprise  the  prime  rotor  structure.  The  effort  addressed  the  following  five  major  areaa: 

•  Definition  of  an  RFC  methodology 

•  Evaluation  of  the  disks  and  other  appropriate  engine  rotor  components  for  RFC  applicability 

•  Assessment  of  the  nondestructive  evaluation  requirements  for  implementation 

•  Establishment  of  a  component  ranking  for  development  priorities 

•  Establishment  of  development  plans  leading  to  implementation. 

The  methodology  has  been  discussed  in  the  preceding  section  of  this  paper.  The  life  analysis  of  every  major  component  was 
reviewed  using  deterministic  lifeing  procedures.  Rased  upon  this  life  analysis,  individual  component  cost,  and  a  15-year  average  engine 
system  life,  ill  candidate  rotor  components  were  selected.  The  components  include:  the  three  fan  disks,  four  of  the  cumpresaor  disks,  the 
four  turbine  disks,  and  ten  airseals/spacers  from  the  fan,  compressor  and  turbine.  These  components  are  all  produced  from  wrought 
titanium  and  nickel  base  alloys. 

Each  critical  area  of  each  component  was  then  analyzed  for  residual  life  to  establish  the  type  of  defect  and  the  detection 
requirements  range  for  optimal  economic  benefit.  A  composite  sketch  of  typical  rotor  components  is  shown  in  Figure  7.  As  can  be  seen, 
the  configuration  of  these  components  is  complex,  and  innovative  techniques  are  required  to  enable  reliable  inspection.  The  types  of 
defects  to  be  detected  include:  corner,  surface,  through-thickness,  and  internal  flaws.  Techniques  currently  exist,  such  as  eddy  current, 
ultra  sound,  penetrants  or  proof  tests,  with  the  ability  to  detect  these  flaws  in  the  sizes  anticipated.  The  major  problem  to  be  solved  is 
detecting  these  flaws  in  a  high-volume  maintenance  environment  with  sufficient  reliability  to  enable  RFC  to  be  economically  viable. 

The  ranking  of  components,  or  groups  of  components,  w u*  based  upon  three  factors:  life  cycle  cost  impact,  NDE  requirements,  and 
an  assessment  of  where  the  state  of  the  art  in  applied  fracture  mechanics  is  at  this  time.  The  final  ranking  uf  components  for  the  FlOO 
was  done  by  engine  module  because  NDE  requirements  are  similar  among  components  of  the  same  module;  it  is  economically  and 
logistically  impractical  to  return  units  of  less  than  a  complete  module  to  an  engine  overhaul  center.  The  development  priorities  are: 
compressor  component#,  high-pressure  turbine  components,  low-pressure  turbine  components  and  fan  components.  This  order  was 
chosen  based  upon  realistically  meeting  the  NDE  goals  and  the  life  cyclo  cost  savings  per  module.  In  all  probability,  the  chronological 
order  in  which  RFC  would  be  applied  to  this  engine  is:  fan,  low  pressure  turbine,  compressor,  and  high-pressure  turbine  based  upon 
present  technology. 

From  the  results  of  the  first  four  activities,  a  preliminary  plan  was  developed  to  identify  the  technology-  and  other  activities 
required  to  enable  implementation  and  operation  of  RFC  at  an  engine  overhaul  center,  and  the  time  pharing  necessary  for  a  target 
application  date  of  1985.  The  logic  upon  which  the  plan  was  developed  is  shown  in  simplified  form  in  Figure  8.  There  are  five  sequential 
steps  inherent  in  the  planning  process:  (1)  development  of  the  required  technological  and  management  tools,  (2)  establishment  of  inputs 
to  and  exercising  the  tools,  (3)  demonstrating  the  tools,  (4)  evaluation  and  documentation  of  the  tools,  and  (5)  implementation  and  use  of 
the  tools.  The  resulting  development  plan  is  shown  schematically  in  Figure  9  and  addresses  the  technology  developments  discussed  in 
previous  sections  of  this  paper.  At  the  present  time,  these  activities  are  underway  and  proceeding  according  to  the  planned  schedule. 

Benefits  Of  Rotiromont  for  Cmim  —  The  assessment  of  the  benefits  of  a  Retirement  for  Cause  maintenance  approach  to  a  gas  turbine 
engine  is  contingent  upon  many  assumptions.  These  assumptions  include:  fleet  size,  anticipated  usage  rates,  usage  life,  inspection 
interval,  labor  costs,  parts  cost  and  many  others. 

To  quantify  the  benefits  of  this  maintenance  concept  for  the  USAF  FlOO  engine,  life  cycle  cost  analyses  were  conducted.  These 
analyses  determined  the  change  in  life  cycle  costs  of  the  FlOO  engine  that  could  accrue  based  upon  implementation  of  an  RFC 
maintenance  procedure  in  1985  as  opposed  to  a  continuation  of  current  or  baseline  maintenance  practices. 

The  life  cycle  coat  benefits  amount  to  on  approximate  U.S.  (1979)  $250  million  savings  over  a  15-year  period.  In  comparison  to  the 
investment  required,  the  development  and  implementation  of  RFC  are  extremely  attractive. 
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Figure  7.  Composite  Sketch  of  Typical  F100  Rotor  Components  and  Flaw 
Types  (Not  All  Features  on  All  Parts) 
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Figure  8.  Technology  Deuelopment  Required  for  Engine  Component  Retirement  far  Cause 
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Figure  9.  Development  Plan  for  Engine  Component  Retirement  for  ('au.se 
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Summary 

All  materials  contain  defects  but  recent  moves  to  higher  stress  levels  have  lead  to  an 
increasing  number  of  these  defects  being  malignant.  Unless  the  method  used  to  life 
fatigue  critical  components  like  gas  turbine  discs  allows  assessment  cf  defect  presence 
and  behaviour,  the  risk  of  serious  failure  is  dramatically  increased. 

A  method  is  discussed  where  defect  behaviour  can  be  assessed  as  part  of  a  total  life 
approach  to  disc  behaviour  prediction  and  is  explained  together  with  the  effects  of 
differing  defect  types.  Such  an  approach  gives  realistic  manufacturing  standards  and 
controls  and  leads  directly  to  an  'on  condition  life'  approach. 


1 .  Introduction 

Since  the  realisation,  some  30  -  40  years  ago,  that  gas  turbine  discs  were  the  most 
critical  components  in  the  engine  because  pieces  cannot  be  contained  if  failure 
occurs,  various  criteria  have  been  used  to  define  both  the  design  parameters  and 
lives  of  such  components.  Until  the  end  of  the  1950's  the  main  factors  considered 
were  creep,  for  the  rims  of  turbine  discs,  and  ..ensile  strength,  to  give  a 
satisfactory  overspeed  margin  without  burst,  for  both  compressor  and  turbine  discs. 

The  lessons  were  learned  early  -  as  can  be  seen  from  the  failed  turbine  disc  in  the 
Whittle  Mk3  engine  in  the  British  Science  Museum  (Figure  1). 

Ir.  the  period  up  to  the  mid  1960's  failures  were  due,  in  the  main,  to  lack  of 
quality  control,  where  the  material  didn't  meet  specification,  to  design  problems 
mainly  at  stress  concentrations  (dealt  with  bv  geometry  modification)  or  to  problems 
such  as  corrosion  and  fretting  v.-hich  were  alleviated  by  material  change  or  coatings. 
In  British turbines  in  particular,  little  attention  had  to  be  paid  to  low  cycle 
fatigue  problems  because  of  the  extensive  use  of  martensitic  steels  where  the 
limitations  for  overspeed  meant  a  fatigue  life  well  beyond  that  practical  in 
service . 

This  situation  changed  with  the  introduction,  first  of  nickel  base  and  then 
titanium  alloys  in  both  turbine  and  compressor  discs  where,  although  creep  and 
tensile  criteria  still  needed  observing,  it  was  found  that  the  most  important 
factor  governing  component  design  and  performance  was  low  cycle  fatigue. 

The  literature  published  on  the  subject  of  fatigue  fills  many  library  shelves, 
but,  as  applied  to  gas  turbine  discs,  this  approach  assumes  that  materials 
initiate  failure  origins  that  turn  into  cracks  in  a  way  that  can  be  predicted 
from  relatively  simple  laboratory  tests,  with  a  variation  in  performance  that  can 
be  handled  statistically.  This  method  of  life  prediction,  which  is  still  used  in 
many  areas  of  the  industry,  is  based  upon  assumptions  that  the  bounds  of  the 
material  behaviour  can  be  circumscribed  by  manufacturing  control  and  the  presence 
of  defects  eliminated  by  inspection  (Figure  2). 

This  paper  sets  out  to  show  that  recent  developments  both  in  materials  and  design 
now  require  a  more  complex  approach  to  disc  performance  and  associated  manufacturing 
criteria. 

2.  Basic  Liflng  Approach 

The  licencing  authorities  for  civil  engines  demand  that  the  manufacturer  establishes 
the  finite  life  of  some  'best'  specimen  and  then  allows  'in  flight'  use  of  a 
proportion  of  this  life  to  cover  the  'worst'  expected  example  cf  the  disc  family. 

A  similar  lifing  system  is  used  for  military  discs.  The  exact  way  of  defining  the 
finite  life  varies  from  authority  to  authority  (and  the  mode  of  establishing  that 
life  from  manufacturer  to  manufacturer). 

The  British  authority  (CAA)  and  Rolls-Royce  have  always  used  cyclic  spin  pit 
testing  under  near  engine  conditions  as  the  basis  of  disc  tiling.  Whilst,  laboratory 
materials  fatigue  data  is  used  in  the  design  context  it  has  not  t»  or.  ivli-d  .u 
calculate  in-service  performance. 


Such  an  approach  is  based  on  eareful  control  of  total  manufacture  to  make  sure 
that  the  components  tested  are  in  the  same  family  as  those  in  service,  together 
with  careful  control  of  inspection.  The  end  point  in  life  has, in  the  main,  been 
taken  as  burst  life  rather  than  'first  crack'  .  The  latter  is  rather  a  nebulous 
concept  when  regarded  as  a  life  criterion  (Figure  3). 

In  reality  this  has  lead  to  a  lifing  approach  which  has  depended  on  all  three 
stages  of  life  -  'initiation1,  propagation'  and  ‘final  failure'.  At  first  this  was, 
of  course,  empirical  but  during  the  past  10  years  the  materials  engineer  has  had 
techniques  and  understanding  to  control  the  various  life  phases  and  take  account  of 
the  increasing  temperature.;-  and  stresses  the  designer  is  imposing  or.  materials. 
Detailed  examination  of  the  many  rig-failed  part.,  required  to  support  this  lifing 
system  has  given  some  insight  into  the  behaviour  of  materials  under  disc  imposed 
conditions  and  also  the  interaction  of  life  with  the  material  structures  and  defects 
that  occur  in  reality. 

Stages  in  Pise  Life 

The  life  of  the  component  can  be  considered  as  four  stages 

3.1  Track  nueleation 
3 .  .1  Growth  tv'  material  grain  size 
3.3  Stress  dominated  crack  growth 
3 . Final  failure 

3.1  and  3,3  are  usually  considered  together  under  the  'Initiation1  concept.  The 
end  point  of  'first  crack*  considered  by  many  designers  can  occur  in  ei'her  stage 
3.3  or  3,3  depending  upon  definition  -  f  size  of  first  crack  and  material  grain 


Track  nucleus  ion  is  the  process-  of  accumulat  i-n  v'f  fa*ig,ue  damage  in  the  material 
until  a  physical  discontinuity  or  ’crack'  vc.-urr.  This  can  happen  in  a  number  >  f 
different  ways,  both  at  the  surface  and  within  the  component  ,  whether  nen-echeren: 
defects  are  presen*'  or  not. 

As  materials  of  higher  strength  are  used  they  tend  to  strain  localisation  types  of 
behaviour  in  this  stage  which  increase  the  propensity  for  sub-surface  failure 
(Figure  <*, )  .  The  life  of  this  phase  depends  upon  imp. -.sod  stress/ “train  (including 
presence  or  not  of  defects)  temperature,  or:  ctr  or- . 

The  crack  then  gn  *s  to  —aterial  grain  size.  This  type  >-f  growth  is  governed  by 
the  sane  factors  as  3.1  -  that  is  local  eomdi tens  of  stress  and  strain  at  the 
crack  which  are  those  of  the  individual  grain  that  cracked.  The  life  In  this  phase 
can  vary  from  nil  for  some  materials  where  the  nueleation  process;  is  one  that 
produces  grain  size  cracks  to  many  times  that  of  the  nueleal ier.  phase  where  growth 
at  this  stage  involves  a  series  of  nucleat  ion  pr.v.-v.  -  each  at  higher  local  stress, 
until  the  crack  propagation  threshold  is  reached. 

Once  the  crack  can  be  considered  large  i.e.  above  grain  size,  its  behaviour  is 
dominated  by  the  imposed  stress  system  in  the  mode  normally  predicted  by  the  crack 
propagation  phase  of  fracture  mechanics  analysis.  outside  temperature  and  stress 
ouch  behaviour  is  indepedent  of  most  parameters  except  basic  alloy  system  -  most 
martensitic  steels  behave  the  same,  as  do  nickel  and  titanium  alloys  but  each 
group  has  significantly  different  crack  propagation  rates  from  the  others. 

This  crack  grows  until  some  final  failure  criterion  is  exceeded.  This  normally  is 
dictated  by  fracture  toughness  criteria,  the  outset  v'f  unstable  crack  growth,  but 
can  also  be  that  the  section  stress  exceeds  the  tensile  level  -or  that,  some  sort  of 
plastic  tearing  mode  occurs.  A  variety  of  failure  prediction  concepts  are  available 
tint  final  size  at  burst  has  little  effect  on  overall  life  -  although  it  obviously 
has  inspection  implications. 

The  percentage  of  life  spent  in  each  of  these  phases  varies  according  to  material, 
s t ross/st rain  level  and  presence  of  defects. 


'defects 

Defect:*  can  be  classified  intv'  two  types  :  - 

4.1  -  Physical  discontinuities 

a.?  -  Micro  structural  deviations  that  promote  scatter  in  behaviour  outside  that 
designed  for. 

Physical  discern lnui t les 


This  category  covers  cracks,  inclusions 
non— coherent  areas  within  the  component 


areas  of  oont  amina?  i  on,  slag,  and  other 
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They  ^fect  component  life  by  either  eliminating  or  severely  reducing  the 
‘initiation1  or  crack  nucleation  phase.  The  effects  are  geometrical ; that  is, 
such  defects  create  a  disturbance  in  the  section  stress  field  which  accelerates 
the  build  up  of  fatigue  damage,  leading  to  early  crack  formation. 

If  their  presence  and  geometry  is  known  then  their  effect,  can  be  accounted  for  in 
the  life  method,  either  empirically  by  disc  testing  or  theoretically  by  stress 
calculation  and  laboratory  testing. 

A . 2  Structure  deviations 


This  category  covers  coherent  defects  where  any  volume  within  the  main  body  of  the 
material  behaves  differently  under  the  imposed  stress  conditions.  The  defined 
scatter  of  material  properties  depend  upon  defined  bands  of  microstructure  and 
chemistry . 

In  volumes  of  material  where  the  latter  factors  lie  outside  the  defined  limits 
the  material  has  a  different  stress-strain-t ime  behaviour  which  imposes  higher 
than  predicted  stresses  in  or  about  the  defective  area  leading  to  more  rapid  failure 

Both  types  of  defect  arc,  and  always  have  been,  present  in  even  the  best  commercial! 
manufactured  components.  Their  presence  can,  however,  either  be  benign  or  malignant 
depending  upon  their  size  and  the  imposed  stress  conditions.  The  traditional 
•no  defect*  approach  has  relied  on  eliminating  all  malignant  defects.  Current 
materials  and  operating  conditions  are  making  such  an  approach  unrealistic  as 
defects  below  NDI  method  detection  limits  are  in  some  cases  now  malignant. 

Methods  of  accounting  for  defect  behaviour 


Pise  lifing  requires  an  understanding  of  component  life  in  the  terms  described  ir. 
section  3  above  so  that  appropriate  data  and  methods  can  be  applied  to  each  stage. 
The*  effect  of  various  types  of  defect  can  then  easily  be  assessed  provided  *.h'‘r 
presence  is  recognised  and  the  ir behaviour  known  -  at  least  within  bounds,  if  not 
exactly.  This  approach  can  then  be  applied  to  develop  a  first  life  for  an 
individual  component  using  modi f ica* * ons  of  existing  fatigue  life  and  fracture 
mechanlcsmethods,  and  to  subsequently  extend  component  life  in  further  increments 
using  some  form  of  inspection  -  a  life  on  condition  or  retirement  for  cause  system. 

This  overall  assessment,  of  life  also  allows  the  practical  considerations  of  such 
factors  as  frettage,  corrosion  and  mechanical  damage. 

The  type  of  data  and  approach  required  for  each  life  stage  is  discussed  below. 


5.1  Crack  nucleation 

Knowledge  of  the  nucleation  mechanism  is  will  important  here  -  in  particular  is  this 
likely  to  be  associated  with  a  non-coherent  defect  or  does  the  crack  nucleate  at 
some  coherent  structure  origin? 

In  the  former  case  life  declaration  for  this  phase  depends  upon  definition  of 
defect  size  and  knowledge  of  the  conditions  when  the  defects  become  malignant.  If 
they  are  benign  e.g.  silicides  in  Titanium  alloys,, then  their  presence  can,  of 
course,  bt.  ignored.  F xt rnpola: ion  of  previous  experience  :o  higher  sire:; 
levels  can  be  very  misleading  in  such  cases. 

Definition  of  defect  size  depends  upon  practical  knowledge  and  experience  of 
various  ?IP1  methods  and  their  interpretation  to  reality.  Figure  'j.  tshews  the 
relationship  of  true  size  and  ultrasonic  response  for  a  certain  component  in 
Waspaloy.  In  particular  it  shows  the  statistical  nature  of  this  type  of  information 
which  also  applies  to  eddy  current,  penetrant  or  binocular  inspection  of  surface 
cracks . 

Knowledge  of  defect  type  depends  upon  detailed  understanding  of  the  total 
manufacturing  sequence  so  that  the  chance  of  getting  a  certain  type  if  defect  in  a 
particular  volume  of  the  disc  can  also  be  taken  into  account  -  another  statistical 
factor. 

Understanding  of  the  defect  behaviour  usually  requires  first  hand  observ.it  ions  of 
behaviour  of  components  containing  defects  at  representative  si ress/ t ime/ tempera ; uro 
conditions.  Sometimes  this  shows  that  the  geomei rical  effect  can  be  assessed  by 
3D  finite  element  techniques  (Figure  but  more  often  the  onset  of  defect 
malignancy  and  its  extent  can  only  be  determined  empirically.  K von  where  many 

defects  are  present  -  as  in  powder  nickel  base  discs  -  their  behaviour  can  only  be 
statistically  assessed  by  interpolation  to  engine  conditions  from  laboratory  and 
component  tests. 


When1  malignant  defects  are  not  present  and  crack  nutlt’aliun  ui-curs  at  structural 
tVa  *.  iav  t  it  it  *  ”  f.  t.  r '  arc  b._*~h  un-itrt'and  and  Ci-ntrr-l  \ !;  •  -  --..tt-ft  turing  rr  -■■■-. ■ 
so  that  the  variation  of  nucleation  si  tea  present,  lie--.  w-chir.  the  1  - it.  r  ttiiv.; 

•. o  control  till.-  scatter  hand  of  behaviour  t"  'lift'  assumed  in  the  life*  calculations. 

Again  tilt’  approach  requires  a  dr- ailed  knowledge  of  the  aethanisr.,  and  ;  n  t  er;  :-:.  -1  a  t  i  wr. 
of  data.  Exi  rapolat  i%>n  of  experience  to  higher  strop."  level:-,  can  bo  n  i  slt-adi  ngl 
A  number  of  cases  have  been  recorded  where  a  modest  change  in  structure  has  promo'.  >-d 
an  entirely  new  mode  of  behaviour  (Figure  7). 

5  .  ?  Small  Crack  Growth 

Whilst  this  phase,  if  it  exists  at  all,  must  be  considered  separately  from  5.1 
most  of  the  above  remarks  on  defect  dependence  apply.  The  most  important,  factor 
is  nucleated  crack  size  and  whether,  under  the  locally  applied  operating  conditions, 
It  is  capable  of  propagation  or  requires  a  number  of  renucleation  steps  -  each 
time  from  a  bigger  'defect*. 

As  the  crack  is  small  its  behaviour  is  dominated  by  local  conditions  within  the 
material  and  so  assessment  of  length  of  this  phase  must  be  statistical. 

5 . 3  Large  Crack  Growth 

This  phase  of  life  is  probably  the  easiest  to  assess  as  the  fracture  mechanics 
techniques  required  are  now  well  known  and  the  scatter  of  behaviour  small.  The 
main  factor  of  uncertainty  is  in  definition  of  the  defect  size  at  the  start  of  the 
phase  -  particularly  if  a  sub-surface  site  is  involved. 


5  .  a  Final  Fracture 

By  the  time  the  crack  has  reached  the  size  for  f'nal  fracture,  growth  is  sc-  rapid 
that  total  life  is  relatively  insensitive  to  this  factor.  It  is  important, 
however,  in  assessing  the  risk  of  in-service  failure  which  is  higher  if  the  final 
fracture  size  is  similar  to  the  limit  of  inspection  method  available, 

Special  attention  has  to  be  applied  where  change  in  temperature  promotes  a  step 
in  toughness  for  steels  or  causes  other  such  discontinuities  in  behaviour. 

The  statistical  nature  of  all  these  phases  must  be  noted  and  the  life  declaration 
for  the  component  can  only  be  expressed  in  a  statistical  form  -  a  risk  analysis 
for  any  given  calculated  life  should  be  declared  (Figure  81.  This  involves  defining 
some  definite  life  end  point  -  like  ?;  burst  life  rather  than  an  lil-defined  'first 
crack  criterion*  or  a  quasi-quant i tat ive  crack  size  e.g.  ,75mm  which  gives  a 
dramatically  different  end  point  depending  upon  the  stress  conditions  and  material 
involved  -  in  addition  to  .he  problem  of  coping  with  1mm  defects  using  that  approach! 

Whilst  the  above  has  concentrated  on  material  behaviour  factors  it  also  has  to  be 
emphasised  that  the  approach  requires  excellent  3D  stressing  of  the  component 
including  detailed  knowledge  of  thermal  and  residual  stresses.  Without  this 
knowledge  of  stress  levels  and  gradients  -  which  in  itself  deper.js  upon  detailed 
stress  strain  knowledge  of  the  material  -  the  effect  of  all  important  component 
geometry  can  nullify  other  considerations. 

6 .  Case  studies  of  'defect'  behaviour 

The  application  of  this  approach  to  a  number  of  real  cases  of  defect  prv.-en.-e  and 
behaviour  is  discussed  briefly  below. 

6. 1  Failure  of  a  large  Titanium  Fan  Disc 

Conventional  liftng  of  a  fan  disc  had  defined  a  life  of  more  than  10,000  flights 
with  final  fracture  occurring  at  the  disc  bore.  Whilst  spin  pit  testing  confirmed 
a  high  life,  final  failure  occurred  from  the  back  face.  As  investigations  were 
proceeding  to  examine  this  discrepancy  two  in-service  failures  occurred  (Figure  7) 
in  less  than  1,000  flights. 

The  lifing  method  and  predictions  were  based  on  laboratory  specimen  testing  and 
spin  pit  testing  of  typical  samples  of  the  appropriate  alloy  at  15  to  20  stress 
cycles/minute.  Investigations  of  the  problem  (which  was  difficult  as  the  in- 
service  failures  were  not  recovered  in  either  case)  showed  that  the  effect  of 
three  unoonsidered  and  unknown  parameters  had  combined  to  cause  early  failure. 

These  were 

a)  The  manufacturing  route  of  the  disc  lead  to  high  residual  tensile  stresses  at 
the  b->-k  f»'-o  which  moved  the  most  critically  stressed  position  away  from  thai 
predicted. 


b)  Ingot  porosity  occurring  in  the  ingot  hot-top  region  wae  not  healed  by 

subsequent  metal  working  and  was  too  fine  to  be  detected  by  available  MDI 
techniques 

e)  The  material  microstructure  in  the  back  lace  region  was  a  coarser,  rl mr  cooled 

version  of  that  of  the  typical  alloy. which  promoted  a  step  change  ;r.  established 
behaviour.  The  material  at  the  failure  site  showed  alignment  over  significant 
areas  which  allowed  the  small  pores  to  rapidly  become  large  propagating  crack? 
and  these  cracks  re  propagate  a*.  rw\  ,-rder:-  -  f  mtigr.  1  •.  uti-  fvt-r  ui.  i-  r 
'dwell'  conditions  than  that  measured  under  normal  test  conditions.  The  net 
effect  is  shown  in  Figure  9.  Application  of  the  type  of  lif ii-.g  approach  sh.’.wr. 

above  allowed  the  problem  to  be  identified  and  reproduced  even  though  the 
failures  weren't  recovered, and  solutions  to  be  found.  These  showed  that  a  safe, 
albeit  short, life  could  be  tolerated  in  the  immediate  period  whilst  a  long 
term  solution  was  reached.  It  also  showed  that  a  material  change  was  required 
and  why . 

6 . 2  Behaviour  of  a  Waspalov  Turbine  Disc 


A  rig  test  disc,  being  used  for  normal  life  development  showed  extensive  early 
cracking  from  a  sub-surface  defect  well  inside  the  ultrasonic  acceptance  level 
(1.25mm  fiat  bottom  hole  equivalent). 

The  defect  behaved  predictably  once  it  was  assumed  to  be  a  crack  (Figure  lb). 
Subsequent  investigation  established  .hat  it  had  given  a  small  ultrasonic 
response  (around  ,7mm  fbh)  even  though  it  was  large  and  malignant  (Figure  11). 

To  prevent  in-service  failures  a  new  ultrasonic  standard  was  adopted  related 
to  real  defect  size  and  the  Component  life  related  tc  the  largest  undetected 
defect  size  -  the  life  method  detailed  above  was  applied. 

6 . 3  Use  of  powder  Ni  alloys  as  engine  discs 

Consolidated  Mi-base  powder  discs  inherently  contain  defects  from  the  manufacturing 
process.  These  defects  are  below  the  detectability  of  current  fJDl  methods  and  yet 
they  are  the  fa  -tpr  governing  component,  behaviour  (Figure  1  ?}  . 

A  comparison  of  lifir.g  methods  and  acceptable  parameters  is  shown  in  Figure  i?  where 
the  ' defect ' governed  behaviour  is  presented  in  a  fatigue  curve  form  for  comparison 
vi th atradit ional  fatigue  approach.  Application  cf  the  total  life  srr-r,  a-h  shews 
that  the  use  of  such  a  product  can  be  safe  provided  defect  behaviour  criteria  e.r-’ 
used}  that  the  extrapolation  of  traditional  fatigue  and  tensile  design  criteria  tc 
higher  stresses  can  be  very  misleading,  causing  early  component  replacement  at 
best  -  in-service  failure  at  worst;  and  that  material  development,  needs  to  account 
for  defect  tolerance  when  the  alloy/structure  compromise  is  reached. 

7 .  Implications  of  Total  Life  system  ( Figure  14) 

Rolls-Royce  have  been  applying  this  approach  of  disc  lifing  ir.  an  increasingly 
Comprehensive  way  over  the  past  eight  or  nine  years  -  based  on  extensive  1 V  rv 

‘“terials  testing,  component  spin  pit  testing  and  manufactur ir-.g  defect  Investigation. 
Experience  has  revealed  the  following  advantages  :- 

a)  Identification  of  quantitative  defect  standards  for  all  features  (including 
welds)  which  allow  realistic  definition  of  manufacturing  allowable  against 
component  operating  requirements 

b)  'Hazard  review*  of  manufacturing  processes  to  identify  critical  phases  allowing  a 
safe  but  economic  approach  to  product,  specifications  on  the  basis  of  operating 
requirements. 

c)  Safer  use  of  material  at  high  operating  stress  levels  with  a  realistic  approach 
to  design  allowables. 

It  is  already  allowing  a  'life  on  condition'  approach  to  individual  component  life 
extension  in  service  beyond  the  initial  'family  life'  as  well  as  realistic  use  and 
definition  of  inherently  defcct-iimited  materials  and  processes  such  as  powder 
nickel,  castings  and  welds.  Whilst  the  spread  of  life  on  condition  applications  art 
being  held  back  by  f!DI  capability  the  total  life  method  still  allows  a  total 
examination  of  component  manufacture  and  operation  to  achieve  a  safe  economic  life  - 
the  only  way  that  the  high  strength  materials  required  by  the  new  efficient 
aero  dynamic  designs  can  be  used. 
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-  Failed  Turbine  Disc  -  Whittle  Mk  3  Engine 

(Courtesy  Proc.  Inst.  Mecii 
Eng.  1945  152  419) 


Engineering  premise 


All  materials  are  homogeneous,  elastic, 
isotropic  media,  free  from  defects  and 
amenable  to  conventional  fatigue  cumulative 
damage  analysis  within  normal  scatter  limits 


Fig. 2 


The  'Engineers  Premise' 


Conventional  disc  tiling  system 

Data  bank^  ^Stress 


Assumed  defect 
free  after  NDT 


Design 

Spin  pit  test 
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Factor  for  initial  release 
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Ex-service  inspect/  spin  test 
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Life  increase 
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Data  Bank 

Conventional  properties 


Fig.  3  -  Conventional  l.ifing  System 
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Forged  Waspaloy  —  Ultrasonic  indications 
conversion  factors  Large  turbine  disc 
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Fig. 5  -  Ultrasonic  Response  of  Defects 
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Fig. 6  -  Defect  Stress  Effects 
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Fig. 7  -  Effects  of  a  Fan  Disc  Failure 

Risk  analysis 

tan  ' 


•  Probability  of  the  component  containing  a  defect 

•  Probability  of  the  defect  being  detected 

•  Probability  of  the  defect  being  malignant 

•  Probability  of  the  defect  being  in  a  particular  position  and 
orientation  in  the  component 

•  Relationship  of  the  NDEindication  to  the  real  defect  size  •  cut-ups 
of  components  containing  defects 

•  Probability  of  a  defect  in  a  given  position  being  large  enough  to 
cause  failure  in  a  given  number  ot  cycles  or  flights 

•  Variability  of  material  properties 

•  Probability  of  a  failure  being  hazardous 

•  Definition  of  an  acceptable  probability  of  failure  (or  hazardous 
failure) 
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Crack  propagation  from  a  subsurface  defect 
nickel  base  superalloy  disc  rig  test 


Defect 


Predicted  final 
crack  shape 


During  manufacture,  a  defect 
was  detected  in  the  bore  using 
ultrasonics,  at  -IldB  to  -12dB 
level 

The  disc  was  rig  tested  until 
failure  occurred  in  the  rim 
region.  The  bore  crack  shown 
was  then  opened. 

Ratio  of  predicted  to  actual 
life,  using  CT  specimen  data, 
is  0.86. 

Ratio  of  predicted  to  actual 
life,  using  corner  crack  data, 
is  1.07 

Ratio  of  predicted  to  actual 
life,  from  striation  count  is 
1.44  ±  C.48, 


Fig.  1.1  -  Sub-surface  Defect  in  Waspaloy 


n  POWDER  ASTROLOY 

Low  Cycle  Fatigue  Failure  from  Subsurface  Defect 


M 


Fig.  -  Defect  Fatigue  Origin  in  As  l  polos. 
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POWDER  ASTROLOY 
Low  Cycle  Fatigue  Behaviour  at  600°  C 


Fig. 13  -  Cyclic  Behaviour  of  a  Powder  Superalloy 
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RECORDER’S  REPORT  -  SESSION  I 


by 


Dr  M.G.Cockroft 

National  Gas  Turbine  Establishment 
Pyestock.  Famborough.  Hants  GU14  6TD 
UK 


WgCdr  Hedgecock’s  paper  emphasised  the  value  of  recording  actual  engine  useage  by  means  of  simple  low  cycle 
fatigue  counters  or  more  comprehensive  monitoring  systems.  The  discussion  largely  concerned  points  of  detail  about 
such  systems. 

Replies  to  various  questions  can  be  summarised  as  follows.  The  LCF  counter  in  its  simplest  form  takes  four  shaft 
speeds  as  input,  possibly  two  speeds  from  each  of  two  engines.  Speeds  are  converted  to  stresses  and  stress  excursions 
during  operation  are  summed  to  give  the  equivalent  number  of  zero/maximum  stress  cycles  which  dictate  disc  life.  There 
is  no  analogy  with  the  “reference  stress"  concept  used  in  creep  life  predictions.  Many  more  inputs  (e  g.  temperatures) 
are  required  for  the  more  elaborate  systems  which  would  take  into  account  creep  life,  thr  final  fatigue  lift.  etc.,  and  a 
"hot  end  monitor"  is  in  process  of  being  developed. 

Professor  Hoeppner  raised  the  question  of  the  criterion  for  disc  lifing:  whether  it  is  "life  to  first  crack”  and  whether 
surface  and  internal  defects  are  treated  similarly.  It  was  pointed  out  that  sophisticated  Retirement  for  Cause  inspection 
procedures  are  not  used  for  RAF  engine  discs  after  they  have  entered  service;  lives  are  set  by  the  manufacturers. 

Formerly  lives  were  prescribed  on  the  basis  of  "life  to  first  crack”  but  the  current  Rolls  Royce  procedure  is  based  on  the 
more  definable  value  of  **§  life  to  burst"  obtained  from  spin-pit  tests. 

Of  the  five  topics  highlighted  in  Dr  Snide’s  presentation  it  was  one  dealing  with  the  Allison  electrophoretic  coating 
process  that  attracted  discussion. 

In  reply  to  Ir.  Mom  it  was  said  that  the  electrophoretic  process  could  be  used  for  applying  internal  coatings  provided 
that  the  blade  cooling  passages  were  not  too  small.  The  major  advantage  of  the  process,  however,  is  that  it  gives  a  very- 
uniform  coating.  The  thickness  after  diffusion  is  typically  0.003  in.  This  led  Ir.  Stroobach  to  raise  the  important 
question  of  the  measurement  of  residual  coating  thickness  after  engine  service.  There  appeals  to  be  no  adequate  non¬ 
destructive  test  and  the  only  acceptable  method  involves  cut-up  for  metallurgical  examination. 

Several  participants  (Ir.  Mom,  Dr  Worth.  M.  Mazars)  asked  for  more  details  of  the  coatings  and  for  comparisons  with 
other  coating  systems.  The  coating  for  nickel-base  materials.  AFP  32,  is  quoted  in  the  paper  as  Al-Cr-Mn  and  is  a 
diffusion-type  coating  similar  to  plain  aluminide  coatings.  It  is  deposited  in  a  propanol  +  nitromethane  bath ;  details  of  the 
bath  composition  could  he  made  available  if  required.  Test  results  are  given  in  the  paper  showing  some  improvement  of 
AEP  32  over  standard  aluminide  coatings  but  these  results  were  obtained  from  test  pins  and  not  from  engine  experience. 

Mr  Plumb’s  description  of  the  repair  methods  used  for  helicopter  engines  and  naval  propulsion  gas  turbines  led 
Mr  Deutsch  to  ask  about  the  causes  of  deterioration,  particularly  the  importance  of  the  higher  aromatic  content  of 
present  fuels,  a  possible  higher  sulphur  content  and  effects  due  to  erosion  by  incandescent  carbon  particles. 

In  reply  it  was  stated  that  there  are  as  yet  no  problems  with  aero-quality  fuels  used  for  helicopters  The  diesel  fuel 
used  for  naval  propulsion  is  rather  variable  depending  on  its  source,  and  both  higher  sulphur  and  higher  vanadium 
contents  arc  causing  some  concern.  Tests  are  being  done  in  UK  Govcmn  •  ’.  Establishments  to  determine  the  effects  of 
simulated  lower-quality  fuels.  Carbon  erosion,  not  necessarily  from  incandescent  particles,  can  be  very  serious  and  can 
only  be  countered  by  improving  combustor  design  to  reduce  carbon  formation 

The  presentation  given  by  Ir  Stroobach  drew  attention  to  managing  operational  and  maintenance  procedures  in  order 
to  minimise  costs  The  main  factor  is  fuel  cost :  materials  costs  are  small  in  comparison. 

Professor  Hoeppner  asked  for  more  background  information  on  the  engine  de  rating  schedules  that  arc  used  In 
reply  it  was  said  that  engines  arc  de-rated  as  much  as  possible,  the  maximum  at  present  being  1JC  ' .  De  rating  at  take-off 
has  the  largest  impact  on  ergine  life.  Flight  crews  are  unwilling  to  reduce  the  take-off  thrust  below  the  thrust  used  during 
climb  and  this  consideration  limits  the  amount  of  de  rating  that  can  be  used. 


RI-2 

TJic  USA  programme  on  Retirement  for  Cause  was  described  by  Mr  Harris  A  considerable  amonnt  of  development 
work,  particularly  connected  with  non-destructive  evaluation  (NDE-).  is  required  in  order  to  meet  the  target  date  for 
implementation  of  the  system  in  1085-  The  programme  was  reported  to  be  on  schedule. 

Ir.  Mom  drew  attention  to  a  recent  proposal  that  first  stage  fan  discs  in  the  FI  00  engine  should  be  given  a  proof  test  am 
eddy  current  inspection  after  a  given  number  of  cycles  (perhaps  1 800)  and  then  returned  to  service.  This  inspect  return 
sequence,  however,  would  only  be  permitted  for  a  small  number  of  times  ( perhaps  twice)  and  then  retirement  would  be 
mandatory.  In  contrast,  the  Retirement  for  Cause  procedure  envisaged  an  indefinite  number  of  inspections  and  roturns-lo- 
service.  Did  ttiis  imply  a  lack  of  confidence  in  the  present  procedures?  hi  reply  it  was  pointed  out  that  1085  technology 
will  be  an  appreciable  advance  on  that  of  today  and  it  is  necessary  to  proceed  cautiously.  Further,  although  proof  testing 
and  inspection  may  confirm  that  a  disc  contains  no  defect  likely  to  cause  burst,  there  are  other  life-limiting  factors  such 
as  pitting  corrosion  or  fretting  at  dovetails  which  must  be  taken  into  account.  It  is  not  intended  to  change  any  wear  or 
dimensional  limits  in  the  Retirement  for  Cause  procedure. 

Mr  Jeal  asked  about  the  basis  for  selecting  the  defect  si/e  at  which  a  disc  would  be  rejected.  The  answer  was  that 
two  approaches  w'culd  be  used,  one  being  the  normal  fracture  mechanics  calculation  to  predict  a  defect  size  which  would 
not  lead  to  failure  during  the  next  inspection  interval,  and  the  other  being  dependent  on  the  outcome  of  current  work  on 
NDF.  Regarding  the  latter,  a  probabilistic  simulator  is  being  developed  which  will  accept  information  on  detectability 
and  reliability  of  available  NDF.  techniques  and  will  then  be  used  to  select  a  limiting  defect  size  taking  into  account 
appropriate  risk  and  cost  criteria. 

Professor  Hocppner  returned  to  the  question  of  the  criterion  for  crack  initiation;  whether  this  would  be  taken  as 
“first  crack"  and  whether  the  same  criterion  could  be  used  for  internally  initiated  cracks.  He  also  wished  to  know  how 
the  current  NDF  capability  related  to  the  fatigue  lifing  methodology.  In  response  it  was  emphasised  that  the 
characteristics  of  the  material  being  used  had  to  be  known  in  very  great  detail.  A  large  number  of  discs  in  IN  1 00  have 
been  cut  up  for  examination  and  there  is  now  detailed  knowledge  available  concerning  the  statistics  of  the  sizes  and 
numbers  of  defects  The  Monte  Carlo  (probabilistic)  simulation  can  thus  Ik*  used  to  predict  the  likely  behaviour.  For 
information  about  internal  defects  several  different  NDF.  methods  are  used.  One  of  these  (eddy  current  I  should  reveal 
just -subsurface  defects  within  about  0.2  in.  of  the  surface.  Experience  with  the  inspection  of  earlier  engine  discs  is  not 
a  good  basis  for  developing  Retirement  for  Cause  NDE  methods  since  previous  engines  incorporated  less  sophisticated 
designs  and  ran  at  lower  stresses  under  less  arduous  conditions.  Detailed  inspection  of  new  discs,  on  the  other  hand, 
would  tic  useful;  they  would  be  ■‘known"  as  a  result  of  periodic  safety  inspections  done  before  the  critical  inspection  on 
which  the  decision  whether  to  retire  or  not  is  based. 

in  reply  to  a  further  question  from  Professor  Hocppner  it  was  said  that  the  expected  advantages  of  a  Retirement 
for  Cause  system  would  be  realised  in  terms  of  reduced  :osts  by  extending  component  lives  An  alternative  advantage 
coulu  Ik*  to  increase  safety  but  the  present  policy  is  simply  not  to  increase  the  present  risk 

Mr  Jeal  outlined  the  more  general  philosophy  being  developed  in  the  UK  on  component  lifing  and  emphasised  the 
considerable  amount  of  detailed  information,  obtained  under  realistic  conditions,  that  is  required.  It  would  provide  a 
basis  for  On  Condition  Fifing  where  this  could  be  shown  to  be  economically  attractive. 

Professor  Wanhill  wanted  to  know  the  differences  lie  tween  Retirement  for  Cause  and  On  Condition  Fifing  and  was 
toid  that  they  are  essentially  the  same. 

The  more  general  approach,  however,  is  as  much  concerned  with  the  first  prediction  of  initial  life  as  with  the 
possibility  of  life  extension  by  periodic  inspection.  Both  demand  a  detailed  knowledge  of  the  occurrence  of  defects  and 
their  behaviour  on  a  probabilistic  basis. 
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Rich  tempera r.are  corrosion  in  in  iustrial  and  marine  go.3  turbines  is  the  result  of  th 
increased  inlet  gas  temperature-  of  the  turbine,  which  imprrvc-s  the  economy ,  and  the  use 
cf  cheaper  fuels,  which  contain  more  impurities. 

In  order  to  reduce  high  temperature  corrosion,  a  Ti-Si  coating  was  developed  on  the 
laboratory  scale  by  v.  An-:-  *  .  '.-.'it..  *r.;r  •  -.‘in'  T:.  n  a  r.u-.t  r  f  :•  rrcic 

tests  have  teen  performed  <?'.  For  farther  development  of  the  coating,  and  for  better 
understanding  the  behaviour  and  degradation  of  the  coating,  insight  into  the  corrosion 
mechanisms  is  required.  A  good  review  is  ci-er.  by  ftringc-r  On  the  basis  cf  the 
laboratory  development  by  TSO,  the  Ti-fi  seating  has  been  further  developed  to  produce 
an  industrial  coating,  Eleont  5 (0 ,  for  use  n  hot  components  in  gas  turbines  made  of 
different  nickelbase  supers  llcys .  Fur  them  p®,  other  corrosion  and  oxidation  tests  have 
been  performed,  as  a  result  of  which  the  behaviour  ar-d  the  degradation  of  the  coating  is 
now  better  understood.  In  addition  tests  witn  Elcoat  360  in  gas  turbines  are  still 
running. 


2.  coat::«3  fscouctton  asp-  1 ; r _ 

The  first  step  in  the  3oatirg  process  ip  r.z  :n r*V:e  r.  thir.  titanium  layer  on  the  sur^ac 
One  of  the  best  methods  for  this  is  ion  plating  a>.  In  this  process  the  surface  of  the 
components  is  first  cleaned  by  a  glow  discharge  under  low  argon  pressure.  The  titanium 
is  then  evaporated  while  the  high  bias  voltage  remains.  This  gives  a  pure  titanium  layer 

of  3  to  15  microns  thickness  with  very  good  adherence  to  the  base  material  (see  fig.  la) 

In  the  second  step,  the  titanium  is  diffused  into  the  base  material  by  a  hsut  treatment 
in  vacuum. 

As  a  result  of  this  process,  a  surface  layer  cf  Ni,Ti  is  formed  with  a  thickness  of  afccu 

30  microns  (see  fig.  lb).  In  the  last  step  the  parts  are  siliconized  by  a  pack  process  ’ 

In  this  process  the  parts  are  packed  in  boxes  in  a  mixture  of  silicon  powder,  activators 
such  as  chlorides  and  fluorides  and  inert  aluminium  oxide  as  a  diluent.  These  packed 
coat  boxes  are  heated  for  1.5  hours  at  about  900’C.  during  this  process  silicon  is 
transported  from  the  pack  to  the  surface  and  reacts  with  the  lii^Ti  layer  at  the  surface. 
A  very  complex  layer  is  formed  in  which  G-phase,  H?  -j-phase  and  MicjSi-t  is  formed  (see 
fig.  1c).  Fig.  2  shows  the  change  in  concentration  of  the  main  elements  in  the  coating. 
Contrary  to  most  of  the  other  coating  processes,  the  heat  treatment  of  the  base  material 
is  not  carried  out  after  coating  formation,  but  is  combined  with  the  crating  production. 
The  diffusion  treatment  ror  the  titanium  is  combined  with  the  solution  treatment  of  the 
base  material.  After  the  siliconizing,  at.  ?00‘C  the  base  material  is  ared.  The  depositicr 
of  silicon  at  900*C  causes  the  mamma  prime  to  tend  to  overage  a  little.  However,  for 
most  of  the  niekelbase  materials  no  difference  in  hardness  is  found  compared  with  the 
optimally  heat  treated  material. 

The  reason  why  the  heat  treatment  cannot  be  performed  after  siliconizing  is  that  th" 
coating  will  molt  at  temperatures  of  about  ;  1  ~  n  ■  ~  and  at  tempera*  ure?  over  the 

diffusion  of  silicon  into  the  base  material  will  be  noticeable. 


In  order  to  understand  the  -entii.g  tohavi  -ur 
mechanisms,  which  ?  tn  oo’-jr  ir.  a  .-as  turbine. 


5.1.  Tories  i  on  me-han.s-cs 


Th-  rr.-ain  praceaacn  which  take  place  i-i  a  gas  tart  ire’  <:■■■  -x;  ia*  i  n  a 
.  n  :  nt  v,  the  temperature,  '  I  -r-.o  can  be  ii ot  in  -  1 1  shed  ■-a':.  w-I 

c  ht-.jo  i  on  mechanism  ( 0  -  -  fie.  .  At  relatively  I  w  ■  -  r ---rat  ur- ,  about 
fluxing  3  uiph  i  iat  i  -n  'an  •■•Mr,  ’?u;'-d  by  a  h : et.  cli  ■  "n4  '  a*  ir,  the  v.i 


tne  inter:  ti.*-: 


mtoriSyer.  .n*  iiTtr.’.-jr.  ^x:s-»  ai. 
does  net  take  part  in  any  protect! 
part  cf  the  .'.side  scale.  These  rep. 
'A,  Swindells 


3 .  'i  Uxiaation 

Although  the  oxidation  resistance  o the  coatin'  is  good,  less  than  5  atta’k 
during  503  hours  oxidation  in  air  at  it  is  not  recor.mer.dafcle  to  us*>  this 

Elcoat  36O  at  temperatures  over  ?53*C. 

Diffusion  of  the  silicon  into  the  base  material  and  diffusion  of  different  elements 
from  the  base  material  into  the  coating  will  occur  during  exposure  at  such  h 1 oh 
temperatures , 

3 • 5  Phase-formation  in  ;he  coating 

The  phase  in  the  coating  directly  after  tearing  production  is  not  fully  stabilized. 
For  good  stabilization,  a  heat  tr.-*ntr.ont  >r  ah  xr  h  -.re  t--:'>r->  —  ;r--s  of  at. 

SOO’C  is  necessary.  In  practice  this  stabilization  occurs  during  normal  turbine 
operation.  The  concentration  distribution  of  the  elements  cf  Elcoat  ?6o  on  In  73 
directly  after  coating  production  is  given  in  Fig.  2.  After  30G  hours  at  350"C  t. 
concentrations  are  changed  (see  fig.  7).  The  coating  is  then  stabilized  and  no 
further  structural  changes  take  place  over  a  longer  time. 

4.  CONCLUSION 

It  has  been  shown  that  the  titanium  silicon  coating  Elcoat  360  offers  good  corrosion 
resistance  against  low  temperature  sulphidation  and  hot  corrosion. 
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INFLUENCE  DES  TRAIT EMEU TS  DE  PROTECTION 
SUR  LES  PROPRIETES  MECANIQUES  DES 
PIECES  ETC  SUPERALLIAGE 

Par  HAUSER  J.M,  DURET  C,  PI CHOIR  R, 

OFFICE  NATIONAL  D' ETUDES  ET  DE  PECHERCHES  AEROSPATIALSS  (ONEKA) 
92320  CHATILLON  FRANCE 


1 .  INTRODUCTION 

Les  conditions  d'environnement  des  pieces  const ituant  lcs  parties  chaudes  des  ter  bom  a  chines 
aeronaut iques  imposent  le  plus  souvent  la  realisation  de  revetements  protectcurs.  Ccux-ci  sont  d'autarit 
plus  necessaires  que  la  composition  des  superalliaqes  utilises  et  le  traitenent  thermique  associe  sont 
choisis  pour  obtenir  lcs  moi  1  leures  propriety  mecaniques  A  chaud.  Ce  choix  de  composition  ne  correspond 
pas,  en  general,  a  une  bonne  tenue  a  l'oxyuation  et  A  la  corrosion  ;  quant  au  trai turnout  tnermique,  ll 
n'est  g^neralement  pas  ccmpatible  avec  le  cycle  thermique  de  realisation  dc^s  ruvetemerits  protectcurs  et  cut 
aspect  cst  rarement.  pris  en  compte  par  les  6Iaborateurs  et  meme  par  les  bureaux  d'  etudes.  Pourtant,  cycle 
thermique  de  protection,  caractex istiques  mocaniques  des  matoriaux  constituent  iec  revetements,  inter- 
diffusion  de  ceux-ci  avec  le  superal liage ,  peuvent  avoir  une  influence  d^favcrable  sur  les  proprietes 
mecaniqueu  des  mat^riaux  prot6g£s  :  comportement  en  fluage,  fatigue,  fatigue  thermique  ... 

La  duree  de  vie  des  pieces  n'est  pas  seuler.ient  determinde  par  les  proprietes  mScaniqu^s  du 
superalliage  protdgi'*  mais  Sgalement  par  la  tenue  du  revetement  a  l'oxydation  et  h  la  corrosion  :  renou- 
vet  or  la  protection  peut  poser  divers  problemes  et ,  dans  certains  cas,  constitutor  un  nouveau  facteur  de 
reliction  de  duree  de  v:o. 

Ces  divers  aspects  seront  decrits  plus  en  detail  et  illustrds  par  des  r^sultats  conrernant  des 
revetementg  d 'aliminiures  appliques  aux  superall iages  IN  IOC  et  IN  7  3  U  LC  .  Avant  d'exposer  les  rcsultats 
obtenus  sur  les  illiages  revetus,  nous  avons  voulu  mettre  en  Evidence  l* influence  d'un  certain  nembre  de 
facteurs  sur  les  proprietes  mecaniques  des  superalliages,  faetcurs  inherent  s  a  1 'elaboration  de  la  protec¬ 
tion  . 


2.  EFFET  DU  CYCLE  THERMrQUE  ASSQCIE  A  L' OPERATION  DE  PROTECTION 


Les  operations  du  protection,  qui  component  le  plus  souvent  au  mu  ins  un  mainticn  plus  ou  moms 
prolonge  a  temperature  moyenne  ou  6 levee,  ont  generalement  un  effet  sur  la  mic restructure  des  superai  1  iaqi.s , 
en  paiticulier  sur  la  precipitation  de  la  phase  y*  lNi3  (Al , Ti ) ]  des  alliages  base  nickel  ou  sur  la  nature 
des  carbures  intergranula ires .  : 'em  vent  intervenir  la  durde  et  la  temperature  du  palter  de  traitement,  tt 
4galement  ,  dans  certains  ras ,  la  vitesse  de  ref roidissement  qui  restc  tributaire  do  la  mist  en  oeuvre  du 
precede  de  protection. 

Par  consequent,  Le  traitcment  de  protection  pout  affecter  les  proprietes  mccauiquc  do 
l’alliage  non  seu  lenient  dans  la  zone  superf icielle  mais  egaloment  dans  tout  le  volume,  Ct-  i  esi  faci lament 
ms  en  evidence  en  Goujncttant  des  ebauchos  d  ’  eprouvettes  aux  trait  emonts  du  protection,  et.  en  el  inunant 
onsuite  par  us  inage  la  Zone  superf  lciellu  affectee  chimiquenient  par  le  trait  n*. . 

Dans  le  cas  rics  revet ume-nts  d'alliaqr  de  type  M-Cr-M-V  real  is*  par  pi  .tj:>n  plasma  : 
pression  rodurto,  par  evaporation  thermique  ou  par  des  techniques  d<  r  ivOcs  ■.  ion-j  Lit  in*;  »•<»*  exempl  i  .  uj. 
preuhauf  f  age  ties  pieces  A  temperature  nvidereu,  ’.e  l'ordre-  de  kib=  T,  est  ndressa i  r  u  p-  ur  ar-  -1  i  ■  a  t  t  ]'«»d!n~ 
re  net*  du  di'qnit  ;  le  depot,  os*  *nsuit<;  ublenu  dans  le-  memo  donaiuv  de  t  empei  •• '  ui  e  en  que  1-ju*s  ;r. .  :*u»  »«{v,  La  •• 

!<.  pw-ruro  du  un  tel  eye  In  thetniqut  est  ‘ffei.tui*  j  tenperatur<  **ure  >  el  U.  du  t  r<u  1 1  mi-rd  t  iu-rr-.  iqu. 

d<*  preeipi  tat  ion  de  la  phase  (alliajt:s  l».ise  nickel),  ll  r;’.  -w  1  *  i  r.I  1  .  mp*  r'  «sr;  *  «•  '  'u  *’’:i  i  7 '  ' 

pnetes  m**caniqu«s  du  supv  r.i  1  1  i  age  .  Les  ttait  kuneiil  .■»  -h.  pv  ;t-d.!r  *-»-4  a  temp*'  i  at  \u  e  de 

amc'liorer  1  * accrochaqe  du  dOj.-ot  do j vent  egalement  rer-tcr  ■-**»?\pa*  :L  ies  av*-r;  i*-  t. rai t *  *  her*’.* i quo 
l'ulliaqe.  (Jfi  |x*ut,  dans  c'ert^iins  ea-*: ,  1 «.  s  faire  '  .i.k-r  iv<.  '  u?.e  mi:>»  <  •*>  -  1  ut  i  -j»  -.b  a  p;-a 

r^LUaqe  lallia'jus  base  nick-.lJ. 


1 1 1»  i-  i 
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t  *  de 
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et  moins  fragile  (par  exeraple  en  5  k  J  1  Q80*C  paur  obtenir  60  urn  de  Ni2Al3  sur  IN  100).  Il  est  souvent 
possible  de  faire  coincider  ce  dernier  t.zaitement  avec  le  traitement  de  raise  en  solution  de  la  phase 

dans  les  alliaqes  base  nickel* 

-  Les  revetements  obtenus  par  alurr.inisat  ion  basse  activity,  pari  o  is  plus  performants  du  point 
de  vue  resistance  A  la  corrosion,  Ont  une  cinEtique  de  croissance  plus  lento,  controlEe  par  la  diffusion  du 
nickel  A  tr avers  la  phase  £-NiAl  riche  en  nickel  (60  lii\  de  NiAl  sur  IN  ICO  er.  16  h  a  1  OSO^C  ou  60  h  a 
950*0-  L'incidence  de  tels  traitements  sur  la  morphologie  des  precipitEs  de  phase  j  '  dans  les  all+ages  A 
base  nickel,  et  par  consequent,  sur  leurs  propriety  mEcaniques,  est  gEnEralement  important^.  De  plus, 
la  mise  en  oeuvre  de  ref roidissement  rapide  A  1' issue  des  traitements  effectuEs  en  "rack”  est  difficile. 

-  Les  traitements  de  chramisation,  qu’il  peut  etre  intEressant  de  realiser  avant  aluminisat ion 
des  superalliages r  sont  toujours  effectuEs  A  temperature  superieure  A  1  000“C  (30  h  4  1  0503C  ou  5  h  A 

1  15Q*C)  et  posent  les  memes  problcmes  de  ref roidissement  que  prEcbdranment  s’ils  sont  effectives  en  "pack”. 

A  titre  d ' illustration,  l*influence  de  cycles  thermiques  d 'aluminisat ion  sur  les  caractEr istj- 
ques  de  fluage  A  850°C  de  1*IN  100  et  de  I'IN  738LC,  non  protEges,  est  presentee  sui  les  tableaux  I  et  II 
ll 1 .  On  note  que  cette  influence  peut  varier  selon  la  durEe  des  essais  :  des  essais  longs  conduisent  par- 
fois  A  une  araElioration  des  durEes  de  vie  des  Eprouvettes  trait^es,  A  1' inverse  des  essais  courts 
(tableau  I,  lignes  1  et  2) .  Il  est  probable  que,  dans  le  cas  de  l'IN  100,  la  microstructure  obtenue  apros 
traitement  A  1  050*C  n'est  pas  stable  et  est  susceptible  d’Evoluer  lors  des  maintiens  a  850°C  en  fluage 
lent,  vers  une  precipitation  de  y'  plus  favorable  A  la  tenue  au  fluage.  Pour  Evaluer  convenahler.ent  1’ inci¬ 
dence  des  cycles  thermiques  de  protection  sur  les  propriEtes  mEcaniques  des  superal 1 iages ,  il  apparait  done 
nEcessaire  de  realiser  des  essais  de  fluage  de  duree  suf fisamment  longue  et  de  ne  pas  se  limiter  A  des 
essais  de  courte  durEe. 


Z .  C0N50MMATI0N  DE  MATIERE  LQRS  DE  LA  FORMATION  DTJ  REVETEMENT 

Lors  de  la  formation  des  revetements  par  aluminisation,  le  supcralliage  est  transform^,  par 
diffusion,  sur  une  certa  ine  profondeur  qui  depend  de  ia  nature  du  traitement  et  do  la  ermposition  du 
substrat.  Pour  les  pieces  aluminisEes ,  la  section  utile  de  superalliage  est  done  plus  faible  que  la  section 
avant  aluminisat ion .  Ceci  peut  avoir  uu  effet  non  negligeable  sur  la  tenue  en  fluage  des  pieces  a  parois 
minces  :  nous  avons  en  effet  montre  que  les  revetements  d'aluminiures  ne  contribuent  pas  A  supporter  la 
charge  de  fluage  (voir  plus  loin  §  6).  Par  exemple,  la  formation  d'un  revEtement  d'aluminiure  de  60  lw 
d’Epaisseur  entralne,  sur  IN  100,  une  consummation  d'alliage  d'environ  40  urn  ;  ainsi,  pour  une  paroi  mince 
d'Epaisseur  initialc  1  mm,  l'Epaisseur  d'IN  100  restantc  apres  aluminisation  de  chaque  face  est  de  0,92  mm. 
L' augmentat ion  de  contraintc  correspondante  (X  1,087)  A  charge  constant©  correspond  a  une  durEe  de  vie 
rEduite  d'un  facteur  voisin  de  2  (500  h  au  lieu  de  1  000  h  a  8S0°C) .  Dans  le  cas  d'une  paroi  d'Epaisseur 
initiale  0,5  mm,  la  reduction  de  duree  de  vie  serait  d'un  facteur  3  environ.  A  charge  constant©  Egalement. 

Dans  le  cas  de  1’ Elaboration  de  revetements  par  depot  d'alliage  (P.V.D,  projection  plasma  .  ..), 
colle-ci  n’implique  pas  une  cons aroma t ion  de  superalliage  mais  entralne  seulement  une  interdif fusion 
substrat-revetement  limitbe.  Toutefois,  le  revetement  d’alliage  constitue  alors  une  surcharge  (masse 
supplement ai re  soumise  A  1* acceleration  centrifuge  dans  le  cas  des  aubes  mobiles)  support Ee  pour  l'essen~ 
tiel  par  le  aubstrat  de  superalliage,  ceci  dans  la  mesure  od  l'on  admet ,  cutme  pour  les  revetements d ' a_u- 
miniures,  que  le  revEteanent  ne  contribue  pas  A  supporter  la  charge  de  fluage. 

Finalement,  pour  les  deux  types  de  revEtemerits,  les  rapports  de  la  section  total©  des  pieces 
determinant  la  charge  due  A  1'accEleration  centrifuge  A  la  section  de  superalliage  supportant  ef feet i vement 
ce^te  charge  sont  ser.siblemeut  comparables. 


4.  INTERDIFFUSION  EN  SERVICE  ENT RE  LE  REVETEMENT  ET  L*  ALLIAGE 

Lors  de  maintiens  en  service  A  haute  temperature,  de  nouvelles  phases  peuvenr  se  dEvelopper  par 
interdif fusion  entre  le  revfitement  et  le  substrat.  Ces  phases  peuvent  6ventuelleme.it  30uer  un  role  spEci- 
fique  dans  la  tenue  mecanique  des  piEces,  selon  leur  morphologie  (couche  continue,  prEcipitEs  dans  le  reve¬ 
tement,  dans  l'alliage  sous-jacent  au  rovEtement)  ,  et  selon  leurs  propriEtEs  (ductilitE,  fragility).  ette 
morphologie  dEpend  essentjel  lenient  de  la  nature  du  substrat  et  du  mode  d* Elaborat ion  du  revetement  (reve¬ 
tment  d'aluminiure  obtenu  par  diffusion,  revEtement  obtenu  par  dEpot  d'alliaqe) .  Dans  le  premier  cas.  on 
obtient  gEnEralement  A  la  fois  dea  precipitations  inter  et  mtragranulaires  et  des  couches  continues  vie 
phases  intermEdiaires,  alors  que  dans  le  deuxiEme  cas,  par  un  choix  appropriE  de  la  compos i t ion  de 
l'alliage  du  dEp6t ,  1  ’  interdif  fusion  peut  Etre  limitEe  A  ur.e  variation  progressive  de  composition  sans 
apparition  de  phases  “fragiles". 

4.1.  Inte rdif fus ion  entre  un  revEtement  d’alum injure  et  le  superalliage 

Les  revEtements  d'alwnimure,  formEs  A  la  foiG  i>ai  apport  d'alutninium  par  voie  gar.euse  et  par 
t  ranaformat  ion  de  la  2one  superf  iciel  le  du  superalliage,  nr*  peuvent  met  t  re  en  solution  qu'une  faible  \o 

des  ElEments  d' add it  ion  de  ce  dernier.  Elements  qui  prEcipitent  dans  la  rone  interne  sous  forme  de  rarburep 
ou  phases  intermEdiaires  (•'  par  excrr.ple)  riches  en  Cr ,  Kn,  W,  Co  ...  »-t  'int  ternLinef  A  -diffuser  dans  la 
/one  .;»uii  jacunte  du  substrat  au  fours  de  maintiens  en  temperature. 
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Selor*  l'ailiage  et  la  temperature  de  maintien,  on  note  i' apparition  de  coudh&s  irrtwoprwis^es.  y  et 
j*  et/ou  des  precipitations  intergranulaires  (carburcs)  ou  intragranulaires  (n,  carburos  sur  une  pio- 

f oruieur  pouvant  atteindre  200  \Jtn.  Ainsi  ,  dans  lc  ces  de  1*IN  100  aluninisS,  on  observe  dc?s  precipitations 
intergrarrolaire-s?  de  carbures.  de  chrtaae  sur  ISO  u*r  sous  le  reveteaent  apres  300  h  de  maiiit^en  a  BSO'C 
(figure  la),  ou  sur  250  ixn  sous  le  reveteroent  aprts  300  h  a  \  »>S0~C  (figures  lb  et  ic)(  ainsi  qu'une  preci¬ 
pitation  intragranulaire  de  phase  aciculaire  -z  Isur  2r*  .rn  apres  300  h  a  850*0  ou  de  carbures  de  chx-jCte 
(sur  50  i.an  apr&s  300  h  a  1  OSo^C)  . 

Dans  le  cas  du  fluage,  il  a  ete  observe  (l]  {2  j  cjue  dr  s  fissures  ar.iorcees  dans  lc  revetenc-m  a 
un  stade  avance  de  fluage  peuvent  se  propager  le  Lorn-  des  plaquetres  »?  von*  dans  I’aliiaye  {figure  2), 
Neanmoins,  il  n'a  jamais  £te  observe  de  ruptures  a  partir  de  telles  fissures,  ces  ruptures  ayant  tou jours 
a  l'orLcjine  des  decohesions  inteigranulaires-ricmbreuses  dans  l*  IN  100  soumis  au  fluage  ll]-  et  cec:  m£m*  au 
voisinage  immediat  de  fissures  se  propaqeant  sur  ’es  plaquettes  de  phase  o  inti agranular res  (figure  i) . 

Les  precipitations  intergranulaires  de  carbures  de  chrome  dans  le  substrat  au  voisinage  du  revet ement  d'atu- 
miniure  pourraient,  par  centre,  dans  ces  conditions,  avoir  une  influence  sur  le  comport enent  ee.  fluage 
{figure  4  ;  observation  d*um.  dtfeohesion  11'  interface  carbure ,  grain  >-  -  y* )  .  11  taut  ajoutcr  quo  dans  le 
cas  ou  se  ferment  des  couches  monophasces  ,  et  r',  cclles-ci  ne  contribuent  pas  a  supporter  la  charge  de 
fluage . 


Dans  le  cas  des  sc? 1 iertat ions  de  fatigue,  ia  precipitation  acicuiaire  de  phase  .7  pourrait 
avoir  un  effet  plus  determinant.  :  er,  effet,  il  a  et<$  raontrii  [3)  que,  .g  res  des  rocuits  de  5  'JO  j  h  .i  8:.  VC, 
l'INCO  7  38LC  aluministf  par  le  precede  LDC2  presente  une  baissc  de  dur«.c  de  vie  on  fatigue  vibrate! re 
850CC  <gue  I'on  peut  cor r£ lor  avec  un  araor^age  de  fissures  dans  la  ioiu  de  j  r*:cipitat  .cm  de  phase 


4.2.  Interdiffusion entre  un  revetement  d'alliage  et  le  superal liage 

L*  interdxf fusion  entre  le  revetement  de  type  MCrAlY  et  le  substrat  pout  £tre  t.rt-s  reduite  car, 
d'une  part  la  diffusion  est  limitde  pendant  le  processus  de  depot,  et.  part  un  choix  approprie  de  la 

nuance  de  revetement  permit  d'ebtenir  rapidement  une  bonne  stability  des  phases  on  presence . 

Dans  certains  cas,  dependant,  1  ’  interact  LOn  pout  et  re  import  ante  ;  4ar  example,  Ians  le  cas  de?; 
rovetements  de  type  CoCrAlY  deposes  sur  un  superal liaqe  base  nickel,  la  fraction  volumique  d  .a  phase  7 
riche  ea  alumium  diminue  progressivement ,  tandis  cue  se  forme  unt  couche  intermedia ire  du  .  ..ase  j*  NiiAl. 

De  telles  couches  d*  irterdif  fusion  ne  prCsentent  pas  de  fragility  part  icu  1  i**r© ,  nair.  r.c  rent r \buent  pas  a 
supporter  la  charge  de  fluage. 


5  .  PROPRIETIES  MECAN1QUES  DF.S  PHASES  CON S T 1 TD ANT  LE  REVETKHEMT 

Les  revetments  obtenus  par  alumi  nisat  ion  conprennent  gdn^ralement  unc  mat  rice  d'alumir.iuio 
-  NiAl)  et.  dea  pr«!ciput*3s  ;  les  revetements  d'alliage  sent  const  ituos  de  phase  *  -  cic  base*  Co  ou  Hi, 
riche  en  Cr,  g£nC*r  aletnent  preponderant  e ,  et  de  phase  -  NiAl  (ou  Co  Al)  ■  Le  earactorc  fragile  <i  Lasse 
tem^eratare  des  int ermetall iques  Niftl  et  CoAl  determine  le  comportement  des  revetements  dans  les  deux  cas  ; 
dans  les  rev^tements  d'alliage,  le  caract^re  fragile  ost  attenue  par  la  plas*icit<:  do  la  \  hase  .  q-,u 
const itue ,  en  general,  la  ma trice  du  revetement. 

temperature  do  transition  ductile-fragile  dee  revetements  d* aluminiure  a  ^»t^»  otudi^e,  on 
particulier  en  traction  a  1 ' aide  de  me.hodes  d'emission  acoustiquc  14 J.  Pour  la  phase  NiAl ,  riche  en 
aluminium,  olle  esc  de  I'ordre  de  650  a  750°C  ;  au-dessous  do  65QVC,  des  fissures  a\  j^arait:sc-nt  or.  traction 
pour  des  elongations  de  0,5  a  1,5%  ;  au-dela  dc  750°C,  les  revetements  d ' al uininiurc  peuvent  otro  .iu  eon- 
traire  plus  ductiles  que  lr  superal liage  ct  pouvent  subi 1  des  allongements  lmportants  sar.s  fisaurcr 
(figure  5).  Les  aluminiuros  de  cobalt  apparaissent  conunt*  plus  fragiles  quo  les  aiuminiures  de  nickel  • 

.»!  1  ongonetit  «\  rupture  cn  traction  d«  I'ordre  do  0,25  %  au-di:ssous  de  8-)0*‘r. 

I^2s  propnetes  mec  aniques  des  revet  ements  d'aHiage  dependent  des  pi  g>r  1  ‘'-t ••*»  individual  li“.;  ‘ie.*. 
deux  phases  const  i  tut  ives  air.si  quo  de  lours  proportions  et  dc  leui  morphologic.  Dans  le  cas  d’alliaue: 
binaires  biphashs  •./;■  (Co-CoAl  )  ,  rccr  jst.,1 1  ist-s ,  une  interpretation  ciu  coni-  rtcmer.t  mecaniquc  i  1  ’  .imii  ant  <• 
«  pu  etre  duiinfven  utiiisant  ar  mo.l**le  »'*as!  iijue  ;  our  la  phase  fragile  .  et  ♦'•last*—,  last  iqur*  j-eur  hi 
mat  rive  f  :1c*  comportement  change  lorsquo  la  phase  .  di*vi»-ut  mui  r  «:'est  ;  hire  1  1  svpai  *  1  ^e*ier.i 

dej.'iiss*'  28  %  en  volume  :  j  hast*  disjsc»se«*  aux  )• -nit  t  de  iraiiis.  mc-mi- ,  t',  oLc.eivt*  -]U<-  d*'S  aliiap-r.  i:-'rAlY 

■\  m,  -r  1  iv  1  l*.»bu  la  i  re  ,  »a»t  csius;  pir  ••vap‘*ra«.  1  •:»  i  l-.t-rniq  n  ,  }  i  •' -sent «  nt  uia  var  i.i'i  i.  lc  »cnp>  r  a*  ur*  de 

f  ra:»o  1 1  i:'*n  duct  i  lc- f  rag  i  lc  a*i*-»ur  d'une  *  oneui  «  o  le  \l>  it;  (i-  :*  »-!!Vjr..n  -V  *  de  ;  hi.:-» 

v-.ui7»e }  ,v  *  eat.  i  dire,  'Ians  !«.*  eas  do  vet  t  u  -v -jq  h-ol-.»| » 1  ,  qgc  !•»  1  ••.  t  id  inn  -u  r.  1. 

{figure  f»  l  5  |  j  . 


«.  .  :  METCS^MRf’ANIyUCd  U;ci:s  f.'N  LUfKi-ALI-IA'd:  » 


A  basso  '  »•!’}  ''ru'iUf,  .1 : 'imi  a.  •  ,  .  ■<  :  is :  ;  »■  d  i«r 

i.i  ti  ini  1  1  *  iS-j.l'.'l  ,  -»  1.1  fat  l  iu»-  th«*r*ni  pie  ♦  I  i  1,.  f  .1*  1  j-,-  :  :  .-  .  ]  j  \\U  I  «  ;  I  1-  1  -  l't  ;•  I  :  !  ;  1  !■ 

re!nm«-fit  't  h-i  .t  f  t  m]  ♦' r-itui  ♦  K  s  al 'ini  njuri-r.  --  M  :  j--*  ;  5« 

1  ■  ‘  *  !  '’-‘'iJ.; 
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Les  essais  de  longue  Jur4e  [2}  (quelques  diaairvos  de  milliers  d’heures)  a  850°C  sur  IflCO  733LC 
PSX  *5.' 4  aticnnis^,  ay  ant  subi  le  traitement  therm ique  standard  aprcs  alusunisation ,  montrent  que  la 
presence  du  revytement  est  sans  effot  sur  la  dur£e  de  vie  --la  contrainte  dtant  calcuiye  sur  la  section  de 
1* yprouvet.tc  avant  alvsnlnisat ion- .  * "  *"  ’  -----  -  - 

Los  esfi.aa.si  de  court e  ox.  aoyenne  duree  a  850°C  sur  IK  100  et  IKCO  738LC  aluminisys  U)  montrent 
quo  ce  n'cst  pas  la  presence  du  revetenent  en  elle-m^ine  qui  modifie  la  dur£e  de  vie  du  fluage,  le  t^inps 
d 1  al lonuecient  a  1*  et  la  vitesse  de  fluage  secondaire  (figure  7)  -  la  contrainte  ytant  calculte  sur  la 
section  residue rail ia^e  apr^s  aluminisat ion  En  effet,  la  cctnparaison  d'essais  sur  iprou- 
vettes  rues  avant.  protection,  protegees,  nues  ntais  ayar.t  subi  le  cycle  t.hermique  de  protection,  met  en 
evidence  que  la  degradation  des  propriet.es  mfccaniques  observdes  dans  les  deux  derniers  cas  pour  les  essais 
courts,  doit  etre  imput.^e  au  cycle  then.ique  de  protection  et  non  au  zevetement  lui-meme  (cf.  §2), 

Ces  deux  etudes  tende.it  done  4  montrer  que  la  presence  du  revetement  est  sans  effet  sur  la 
duree  de  vie  en  fluage. 

Le  fait  de  lie  pas  calculer  la  contrainte  dc  la  mesne*  fagon  dans  les  deux  cas  ne  modifie  an  rien 
la  cone 1  vis ion  pr^dedante  car,  pour  les  yprouvettes  utilis^es  -eprouvettes  cylindriques  de  quelques  milli¬ 
metres  de  diametre- ,  les  correct ' one  de  contrainte  sont  faibles  et  leur  effet  sur  la  dur£e  de  vie  s* inh¬ 
erit  sensibiement  dans  la  dispersion  des  r^sultati..  XI  a  yty  toutefois  ruontry  par  des  essais  multiples 
L 1 ]  que  le  revetement  d' alum ini-are  subit  la  deformat  on  jmposSe  par  la  partie  centrale  en  superali rage 
sans  porter  une  part  appreciable  de  la  charge  et ,  de  ce  fait,  ii  rente  pr£f Arable  de  faire  la  correction 
de  contrainte  ;  par  centre,  cette  correction  est  indispensable  dans  le  cas  des  ypruuvet.tes  4  parois 
minces . 

L’ observation  des  rev£tements  d*  alum  i. Mures  apras  fluage  a  $SC°C  1 1  ]  mont/e  que  ceux-ci  pre- 
sentent  une  plasticity  impertante  on  fluage  4  cette  temperature  :  4  4^  de  deformation,  les  revetements 
sont  encore  exempts  de  fissures  ;  des  dyfermations  encore  plus  rmportantes  sont  Possibles  iocalement,  en 
particulier  au  droit  des  cavitys  intergranulaites  qui  s'ouvri-nt  dans  le  superalliage  (figure  5).  Apr£s 
une  deformation  globaie  importante,  des  fissures  apparaissent  dans  le  rev^tement  au  niveau  des  zones  de 
striction.  Prat iquonent ,  de  telles  fissures  ne  sont  jamais  rencontx c-es  sur  pieces  r£e11es,  pufsque 
celles-ci  sont  retirees  du  service  apres  1  4  2%  de  deformation  ;  leur  role  dventuel  sur  la  rupture  a 
cependant  ety  discutg  (§  4),  puipque  leur  propagation  a  ete  obsoiv£e  sur  quelques  dizaincs  de  dans  le 
superalliage  le  long  des  plaquettes  de  phase  ode  la  cone  d*intordiff\  iion  et  ii  a  £t£  montry  que,  dans 
nos  conditions  d'essais,  ces  fissures  ne  seioblent  pas  initxer  la  ruprv  e  qui  reste  intergranulaire  dans 
le  superalliage  (figure  8)  .  H  parait  important  de  rappeler  que,  par  centre,  etant  donnd  la  nature  de 
cette  rupture,  ies  phases  (carbures)  developpces  par  interdiffusion  r eve Lement/ substrat  dans  les  joints 
de  grains  de  ce  dernier  peuvent  influence*  le  ccmportement  en  fluage,  en  particulier  dans  le  cas  des 
pidees  4  parois  minces. 

6.2.  Fatigue 

La  resistance  4  la  fatigue  est  une  propriety  particuli4rement  sensible  a  l’dtat  de  surface  et 
a  1 'environnement ,  puisque  1. \un0r9age  des  fissures  a  sscuvent  lieu  a  la  surface  des  pieces.  Les  rev^tements 
peuvent  done  modifier  de  fa^on  notable  la  tenue  dc  ces  derni^rcs  si  leur  stance  chimique  a  1‘environ- 
nement  permet  d’oviter  les  interactions  corrosion/fat igue  ou  oxydation/f atigue  aixquelles  peut  etre  sensi¬ 
ble  le  superalliage.  II  en  est  de  meme  s’rls  presentent  une  fragility  oarticuliere  dans  certains  danaines 
de  tempyrature  ou  pour  certains  types  de  sol lici tat  ions  de  fatigue. 

Le  role  specif ique  lu  revytement,  en  fonction  de  sa  nature  et  de  la  teir.pyrature ,  a  seulement 
pu  etre  mis  en  yvidence  sur  dys  matyriaux  tels  les  euperalliages  solidifiys  unidirectionnelleinent  poly  ou 
monocristallins  (exemple  DS  200  l6l) ,  les  alliages  forgys  (UD1MET  700  i€>  1  >  ou  les  superalliages  composites 
4  fibre  de  carbure  obtenus  par  solidification  unidirect io.inelle  17),  alliages  moins  sensibles  4  la  fatigue 
que  les  alliages  coul£s  equiaxes.  En  effet ,  dans  le  cas  des  alliages  coules  equiaxes,  ce  sont  des  amas  de 
porcsites  internes  qui  provocjuent  gyndralement  l'amor^age  de  la  rupture  (figures  9.10.11),  ce  qui  rend  les 
rev^tements  sans  effet  sur  la  durSe  de  vie  en  fatigue  (8hO°C,  grand  n*^nbre  de  cycles,  figure  12). 

Seloi.  le  type  de  sol licitations  de  fatigue,  il  faut  distinguei  :  la  fatigue  4  grand  nombre  de 
cycles  4  la  rupture  (HCF)  et  par  consequent  faible  taux  de  deformation,  la  fatigue  4  fort  taux  de  dyfortna- 
tion  et  par  suite  faible  nembre  de  cycles  4  rupture  (iCF).  Dans  tous  les  ras  envisages  ci-apr^s,  la  defor¬ 
mation  du  reveLetnenl  est  imposee  par  celle  du  substrat. 

Fatigue  a  faible  taux  de  deformation 

La  deformation  du  substrat  de  s* peralliage  est  alors  essential lement  yiastique  et ,  d’une 
maniere  generate,  les  mat£riaux  constituant  le  revytement  aoront  tendance  4  avoir  une  bonne  tenue  en 
fatigue  s’ils  ont  une  limite  dlastique  yievye  ou  s'ils  ont  un  farble  module  d'^last icity .  Dans  ce  dernier 
cas,  en  effet,  pour  un  taux  de  dyformation  impose,  pour  deux  matyriaux  dont  le  module  d'dlasticity  diff^re 
le  rapport,  des  contraintes  qu*ils  supportent  est  egal  au  rapport  de  leur  module  d* elasticity  respect  if s. 

Ainsi  un  revytement  d'alliage  Ni-20cr-l 0Al-2Hf-0 , 1 C  sur  NiTaC  3  -  116  A2  (eutectique  orient^ 
cont.enant  des  fibres  de  TaC)  a  une  meilleure  tenue  en  fatigue  qu*un  revetement  d'alliage  Ni-20Cr  [7]  dont 
la  limite  yiastrqut  est  vr a isemblubl plus  faible,  qu  1  pout,  nieme  conduire  4  ce  qu’vl  soit  sol li city 
Jans  lo  domaine  plastiquc.  De  m&ne,  4  faible  taux  de  dyformation,  uu  revetesnent  m&ne  fragile  pourvu  qu'ii 
soit  soilicite  en  deq4  de  son  domaine  de  deformation  plastiquu  n'a  pas  d'  i nf ] v  sur  la  tenue  en  fati¬ 
gue  :  jii  exemplc,  il  a  yte  observe  [6 1  que  1 ' aluminisat ion  de  1V1D1MET  7Qft  -suivio  de  polissage  yicctro- 
lytique  pour  annuler  tout  of  fit  de  concentrator,  de  contrainte-  non  seulement  ne  uetyrioie  pas  ir.ais 
ameliore  lc  comportcment  en  fatigue  a  1  Vimbiant^  do  l'tlDIMET  7oo  non  rrv0t»:  rt  y-ja poll.  I nver swen* 
lorsqu**  le  rovetomt‘rit  sub  it  ur.r  deformation  plastique  alors  gut  lo  substrat  est  enr*orv  dans  le  d'xnaine 
jque,  o:»  peut  s  ’  at  ♦  »-nlr«*  -i  un  abaisnemt-n?  n-.»table  ir-  *a  -hir*'e  dr  vif*. 
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Fat  icjue  ataux  de  d^fomation 

Dans  ce  cas,  le  substrat  et  le  revetcment  sont  sollicit£s  au-del4  de  leur  limite  £l&stique. 

Si  le  reveteaent  est  fragile  (alissiniuxe,.  alliages  &  basse  tcapferature),,  de&  £  issures 

peuvent  y  apparaitre  des  le  premier  cycle  et  reduire  notabler.ent  la  duree  de  vie  en  fatigue,  hirmi ,  *a 
duree  de  vie  de  UDIMET  700  est  reduite  de  20%  a  76G*C  lorsqu'il  est  revetu  d’un  aiuminiure  [6], 

Au  contraire,  si  le  revetement  est  aoctiie  (aiuminiure  ou  alliages  y~p  a  hautes  temperatures, 
alliage  Ni-20Cr J ,  la  tenue  en  fatigue  du  superalliage  n'est  pas  degrades  et  peut  m&ne  etre  ameliorSe. 

Tar  exemple,  dans  le  cas  du  NiTaC  3  -  116  A2 ,  alliage  dans  lequel  il  a  6t£  observe  ( B j  que  la  creation 
volontaire  de  fissures  A  la  surface  reduisaic  notableaf.ent  sa  dur£e  de  vie  en  fatigue,  le  revetenont 
Ni-20Cr-lOAl-2Hf-O,lC,  relativonent  fragile,  en  se  fissurant  au  bout  d'un  petit  nambre  de  cycles,  peut 
reduire  consid^rablement  la  dur<§e  de  vie  de  1’ alliage  {7],  alors  que  le  revitement  Ni-Cr ,  ductile,  r.’aura 
pas  cette  influence  n^faste. 

7 .  CONCLUSION 

Quelques  aspects  de  1* influence  des  revetements  protecteurs  sur  les  proprietfis  mecamques  des 
oieces  en  superaliiaqes  ont  dte  discutes  :  notamment  cycle  tVicmique  de  protection,  interdiffusion  entre 
le  revdtement  et  le  superalliage,  proprietes  physiques  et  mecaniques  des  revet ements  eux-memes. 

Certains  des  effets  decrits  sont  considerablement  amplifies  dans  le  cas  de  la  protection  des 
pieces  a  parois  minces  fortement  refroidies  ;  les  prcblemes  d*  ir.terdif  fusion  revetement/superal 1 iage , 
d*  influence  des  revetements  sur  le  comportenent  en  fatigue  thermique  notamnent ,  sont  part. iculierexnent 
aigus  et  il  n*existe  pas  actuellement  de  solution  satisr aisante. 

D’autrec  aspects  auraient  pu  Stre  pris  en  cotnpte  dans  ce  textc  s  ainsi  la  recherche  de  caract£ 
ristiques  m^caniques  elevens  pour  les  superalliages,  soit  pour  augmenter  la  temperature  dVmploi  des  piece 
soit  pour  augmenter  leur  potentiel,  conduit  a  des  compositions  et  des  traitements  themiques  d’. tillages 
bicn  d£termn£s  ;  ces  choix  prdcis  peuvetit  conduire  4  limiter  ceux  de  la  nature  des  revetements  et  de  la 
methode  de  realisation,  entrainant  ainsi  une  tenue  insuf f isante  de  ces  revetements  a  l’oxydation  et  a  la 
corrosion  et  par  suite  une  limitation  de  la  dur£e  de  vie  des  pieces.  Leur  reparation  par  renouve Element  du 
revetement  est  courante  mais  pose  divers  problSmes  :  difficulty  de  decapage  pour  les  revet events 
<3*  alliages,  diminution  de  section  des  pieces  lors  du  decapage  des  revetements  d '  luminiures  correspondent 
a  la  partie  de  superalliage  conscnrac  pour  la  realisation  de  ces  revetement s  et  limit ant  ie  nembre  d* opera¬ 
tions  possibles  de  renouvelletuont - 

Les  rdsultats  pr^sentes  dans  le  cas  des  alliages  IN  iQO  et  IN  738LC  ne  peuvenv.  pas  etre  gene¬ 
ralises  a  d'autres  alliages  ;  chaque  couple  revetement/'superall  iagu  doit  faire  l'objet  d* invest igat ions 
particulieres  dans  des  conditions  aussi  voisines  que  possible  de  celles  de  1 'ut i lisaticn  des  j  ieces. 
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Tableau  I  —  influence  des  cycles  thermiques  d'alum inisa tion  IN  100  nu  —  ffuage  £  850~  C  sous  air. 


2.  16h  5  1050°C 
refroid issement  35JC/ron 
(alurainisa t ion  basse 
activate  sur  t*bauch«?) 


3.  idem  2  ♦  300 
cycles  do  Ih  .1  350^0 


4.  idem  2+300 

cycles  de  lh  h  1050'C  I  372,8 


Tableau  U  —  Influence  des  cycles  thermiques  rl’aluminisation  INCO  738  LC  nu  -  fluage  a  850'  C  sous  air 


Fig.  1  -  Inter-diffusion  revitetnent  (aluminisation  basse  activite I  -  substrat 
a!  300  cycles  de  Ih  a  850 °  C  sous  Ar  (image  elect rortigue) 
b)  300  cycles  de  Ihi  1050°  C  sous  air  I  image  ilectroniquel 
cl  300  cycles  de  Ih  5  1050°  C  sous  Ar  (image  X  du  chrome) 


Fig.  2  ~  IN  100  alumimse  ibasse  activite)  :  fluage  5  950  C  sous  air  { 388  MPa,  rupture  en 

23?  hi  -  phases  o  formees  par  interdiffusior  substrat /revStement  pendant  le  main- 
tien  i  850°  C  en  fluage. 


Fig.  3  —  IN  100  apres  aiuminisaUon  basse  activity,  trai lenient  de  300h  a  850  C  sous  3tr  1 300 
cycles  de  1h),  fluage  a  350'  C  sous  air  (388  MPa,  rupture  en  984  h  ). 


Fig.  4  ~  IN  700  apres  aluminization  basse  activtte.  traitemem  de  300 h  a  850  C 
sous  argon  (300  cycles  de  1h).  fluage  a  850  C  sous  air  ( <i  388  MPa. 
rupture  en  235 h  —  image  elect roniQue). 


Fig  5  —  IN  1C J  apres  aluminization  basse  activity,  traitenient  de  300 h  d  850  C  sous  ( 300 

cycles  de  Jh).  ffuage  a  850  C  sous  air  (o  388  MPa.  rupture  en  98  h). 
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-17,7'C  20i‘C  C2S‘C  5  iS'C  67l'C  *C 


Fig.  6  £  valuation  de  la  temperature  de  transition  ductile- 

fragile  d'alliages  Co  Cr  Al  Y  et  d'aluminiures  Ni  Al 
el  Co  Al  (d'apres  \5)l. 


Fig.  7  -  Fluage  a  850  C  sous  air  :  log  u  f  Hog  tl  IN  100  brut 
de  coulee  el  traite  16  h  A  1050  C  /cycle  thermique  de 
protection/. 
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Fig.  8  —  IN  100  apres  aluminization  basse  activity,  traitement  de  300  h  a  850  C  sous 
air  (300  cycles),  fluage  &  850 °  C  sous  air  (388  MPa,  rupture  en  98  h). 
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fig.  9  —  IN  100  non  revGtu.  Fatigue  a  850  C.  45  -450  MPa , 
rupture  en  240000  cycles, 

a)  surface  de  rupture  (MEB) 
bl  amorce  de  rupture  (MEB) 
cl  vue  en  coupe  de  /'amorce 
d)  autre  amorce „  A  2  mm  du  plan  median 
(coupe  longitudma/e). 


Fig.  10  IN  100  chroma/uminise.  Fatigue  £)  850  C,  45  -450  MPa.  rupture  en  1 15000  cycles. 

a)  surface  de  rupture  (MEB) 

b)  surface  de  rupture  du  revet ement  (ME B ) 

c)  amorce  (MEB) 

d )  et  e)  coupes  longnudinj/es  du  revStement. 


Fig.  12  -  //V  >00,  fatigue  HCF  d  850  '  C 
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RECONDI TI QNNEMENT  OE  PIECES  FIXES  DU  TURBINE 
PAR  8RASAGE  DIFFUSION 

TURBINE  STATOR  PARTS  REPAIR 
BY  DIFFUSION  BRAZING 
par/by 

Y.  HONNORAT  -  J.  LESG0URGUES 
DApartemcnt  Materlaux  et  ProcAdAs 
Di~ection  Technique 

SOCIETE  NATIONALS  D'ETUDE  Ff  DE  CONSTRUCTION  DE  MOTEURS  D‘ AVIATION 
2,  Boulevard  Victor  -  75724  PARIS  CEDEX  15 


Le  brasage-diffusion  permet,  lorsque  les  surfaces  4  assembler  sont  trAs  proches  (Acartement  maximal 
de  I'ordre  de  50  4011  pour  les  superalliages) ,  d'obtenir  des  rones  de  liaisons  dont  les  propriAtAs  sont  du 
irfme  ordre  de  grandeur  que  celles  du  matAriau  de  base.  Cette  technique  trouve  done  une  application  de  choix 
dans  la  reparation  des  fissures  fines  sur  les  aubes  de  turbine  aprAs  fonctionnement.  Cependant,  corane 
certaines  degradations  depassent  les  ecartements  maximaux  admissibles,  une  nouvelle  technique  a  ALA  deve- 
loppAe.  Ce  procedfi,  dSnoninA  "RBD"  (Rechargement-Brasage-Diffusion),  permet  d'effectuer,  a  parti r  de  poudres 
prAalliAes,  des  liaisons  sans  limites  gAometriques.  La  zone  reparee  est  d'une  composition  chimique  lege- 
rement  dift'erente  des  pieces  (4  l'inverse  du  brasage-diffusion  qui  produit  une  liaison  homogene)  mais  par 
ur.  choix  judicieux  des  parametres  opAratoires  du  cycle  de  RBD,  les  proprietes  locales  peuvent  §tre  du  mAme 
ordre  que  celles  de  la  piece  massive. 

Diverses  applications  illustrant  les  possibilitAs  en  reparation  des  deux  techniques  mentionnees  ci-dessus 
sont  presentees. 

With  very  close  surfaces  (maximum  gap  of  approximately  50ftm  for  superalloys),  bonding  areas  obtained 
by  diffusion  brazing  have  the  same  properties  as  the  parent  material.  This  technique  is  successfully  applied 
for  repair  of  fine  cracks  affecting  turbine  vanes  after  operation.  However,  a  new  technique  has  been  deve¬ 
loped  to  eliminate  those  defects  which  exceed  maximum  tolerated  gaps.  The  new  process,  called  "RBD" 
(Rechargement-Brasage-Diffusion) ,  allows  bonding  without  geometrical  limits  from  pre-alloyed  powders.  While 
diffusion  brazing  produces  homogenous  bonding,  the  chemical  composition  of  the  repaired  area  after  RBD 
processing  is  slightly  different  from  that  of  the  part.  But,  rough  part  prooerties  can  be  maintained  in 
the  bondjng  area,  provided  that  operating  parameters  of  the  RBD  cycle  are  adequately  selected. 

The  two  above  mentioned  techniques  may  have  various  repair  applications  which  are  presented. 


PREAMBULE 

L'accroissement  des  performances  des  turborAacteurs  est  en  partie  assujetti  aux  progres  de  la  metallur¬ 
gy  et  notamment  4  la  determination  de  nouveaux  alliages  dont  les  limites  d'uti  lisatlon  sont  sans  cess* 
repoussAes,  mais  dont  la  mise  en  oeuvre  implique  le  dAveloppement  de  techniques  adaptAes  en  particulier 
pour  ce  qui  concerne  1' assemblage. 

C'est  ainsi  que  1‘industrie  des  turbomachines  utilise  largement  des  matAriaux  tels  que  les  superalliages 
de  fonderie  ou  de  mAtallurgie  des  poudres  prAalliAes  dont  la  "soudabilitA",  par  les  precedes  conventionnels, 
est  de  plus  en  plus  mediocre,  certaines  nuances  conine  le  NK15CATu  (IN  100)  ou  le  NC14R8  (Rene  95)  Scant 
mAme  rAputAes  insoudables. 

Aussi,  des  Atudes  ont-elles  AtA  menAes  par  la  SNECMA  qui  ont  abouti  a  la  mise  au  point  de  nouveaux 
procAdAs  tels  le  Brasage-DIffusion  (BD)  et  plus  rAceiwnent  le  Rechargement-Brasage-Diffusion  (RBD)  qui, 
outre  Vavantage  d'fitre  insenslbles  aux  problAmes  de  figuration,  prAsentent  un  intArft  Sconomique  certain 
ds  par  leur  rAalisation  au  four  sous  vide  industriel ,  sai.s  outillages  spAciflques. 

Ces  techniques  trouvent  un  terrain  de  choix  dans  le  domaine  de  la  reparation  des  pieces  de  turbine  ou 
la  nature,  la  morphologie  et  la  qeantitA  des  degradations  en  fonctionnement  sont  trAs  variees. 

Nous  nous  proposons,  aprAs  une  presentation  des  procAdAs  BD  et  RBD,  d'illustrer  par  des  exemples 
traitAs  4  la  SNECMA  les  possibilitSs  offertes  par  ces  deux  techniques. 

1.  PRESENTATION  DU  BRASAGE-DIFFUSION  (BD)  ET  DU  RECHARGEMENT-BRASAGE-DIFFUSION  (RBD) 

Le  Brasage-Diffusion  a  AtA  dAfini  comme  un  procAdA  j'assemblage  par  un  metal  d'apport  qui,  par  le  jeu 
d'une  phase  liquide  transitoire  et  de  la  diffusion  inte'metallique,  permettrait  d'obtenir  des  liaisons 
homogAnes  chimiquement  dont  les  caractAristiques  sont  du  mAme  ordre  que  celles  des  materiaux  4  assembler. 

Cette  possibilitA  suppose  un  choix  trAs  precis  des  parametres  operatoires  qui  sont  principalement  : 

-  la  nature  et  la  quantitA  du  mAtal  d'apport  qui,  outre  son  rOle  de  remplissage  du  joint,  doit  Atre 
compatible  chimiquement  avec  le  mAtal  de  base  ,iour  permettre  une  diffusion  complete  et  reciproque 
des  AlAments  en  presence, 

-  le  cycle  thermique,  moteur  de  la  diffusion,  qui  doit  ttre  congu  de  faeon  4  Aviter  les  formations  de 
composfis  stables,  les  retassures  ou  les  degagements  gazeux  et  permettre  une  hoinogcnAisation  aussi 
complete  que  nAcessaire  de  la  zone  de  liaison. 

Sur  le  plan  technologique,  le  metal  d'apport  peut  Atre  dAposA  sous  forme  de  poudre  ou  introduit  dans 
le  joint  sous  forme  d’un  [evil  lard.  L„  fijui't-  1  i  ficntr:  css  dif'^^ents  points  et  retract  ccheniitiquement 

les  diffArentes  Atapes  du  processus. 
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PRINCIPE  DES  PROCEDES  BRASAGE-DIFFUSION  (BD) 
ET  RECHARGEMENT  BRASAGE-DIFFUSION  (RBD) 


9e\ 


Fig.  la  :  Brasage  Diffusion 


Fig.  1b:  Rechargement  Brasaga  Diffusion 


Pour  les  supcral 1 iages  base  nickel  et  cobalt,  il  a  pu  Stre  montre  que  o'excellents  resultats  etaient 
obtenus  en  utilisant  certains  metaux  d'apport  fondes  sur  les  systimies  Ni-Cr,  Ni-Co,  avec  des  additions  de  B 
el/uu  de  Si,  dont  la  matrice  est  d'unc  composition  voisine  de  cell?  Bps  materiaux  a  assembler,  et  pourvu  que 
le  jeu  er.tre  les  surfaces  &  assembler  n'excede  pas  une  valeur  de  50  a  lOO^im  selon  les  alliages. 

La  figure  1  illustre  un  cas  d'application  obtenu  sur  un  alliage  NK15CATu  (IN  100}.  Sur  cet  exeraple, 
le  ui asage-dif fusion  a  ete  realise  au  four  sous  vide  4  I'aide  d'un  metal  d'apport  du  systeme  Ni -Co-Si -B  ; 
l'etude  metal lographique  revele  que  la  diffusion  est  totale,  resultat  confirme  par  l'essai  de  fluage  rupture 
A  980°  C  qui  montre  itne  tenue  .les  liaisons  du  inSme  uiJte  que  tulle  du  mi  tori  au  de.i-ase. 


Fig  2 


BRAS  AGE-DIFFUSION  DU  NKISCATu  (IN  100) 
A  (.'AIDE  D  UN  METAL  D'APPORT  NiCoSiB 


9*3 


jPH. 


2.  Euait  da  fluaga  ruptura  t  9BO*C 


D'aussi  bons  resultats  sont  obtenus  pour  la  nwjorite  des  superalliages  de  fonderie. 

Ce  par  sea  caracteristiques ,  1e  Brasage-Pif fusion  (BD)  est  done  bien  adapte  a  la  reparation  des 
fissures  fines  qui  proliferent  souvent  en  reseaux  denses  :  ies  ph#nom£nes  de  moui 1 labil ite  et  de  capillarite 
permettent  d’assurer  un  bouchage  physique  des  defauts  puis  le  travail  metal lurgique  de  la  diffusion  restaure 
en  ces  zones  les  proprietes  du  metal  de  base. 

Cependant,  la  limitation  dimensionnel le  imposee  dans  le  jeu  des  surfaces  a  assembler  ne  permet  ni 
d'envisager  la  reparation  de  toutes  les  degradations  possibles,  notamment  sur  une  aube  de  turbine,  ni  de 
recharger  les  sui iacLJ  Arodees.  Aussi,  une  technique  a-t-elle  etd  developpee  par  la  SNCCMA  a  partir  du 
brasage-dif fusion  (BD),  le  "Rechargement-Brasage*Dif fusion"  ci-apr^s  denomme  RBD. 
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Dans  son  principe,  le  RBD  (figure  l.b)  consiste  a  densifier  au  cours  d'un  cycle  therroique,  un  melange 
de  pnudres  prealliSes  de  deux  categories  disti notes  : 

-  l'une  de  composition  analogue  a  cel le  d'un  superalliage  base  nickel  ou  cobalt  classique, 

-  1 'autre  de  composition  analogue  a  celles  des  nraWriatrx  de  brasage—diffusion, 

la  composition  chimique  globale  de  1‘ensemole  etant  identique  ou  tres  proche  de  celle  au  materiau  constituf f 
des  pieces  traitees. 

La  diffusion  des  elements  abaissant  le  point  de  fusion  des  poudres  de  la  deuxiemn  categorie  se  fait,  au 
cours  du  cycle  de  traitement  thermique,  autant  vers  les  surfaces  de  la  piece  traitee  que  dans  les  grains  de 
poudre  de  la  premiere  categorie.  Cet  artifice  permet,  par  rapport  au  ED,  de  raccourcir  U-s  parcours  de  diffusion 
et  de  conserver  des  temps  de  traitement  raisonnables  -  ec  identiques  -  auel  quo  soil  le  volume  de  matiere  a 
diffuser. 


ASSEMBLAGE  PAR  RBD  DU  MK15CADT  (Ron*  77) 

A  L'AIDE  D'UN  ALLIAGE  RBD[NiCrB  ♦  NK17CDAT  (Astroioy)l 

_ _ _ _ Jf 


1.  Aspect  micrographique  de  la  liaison 
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2.  Essais  da  fluaga  rupture  h  980°C 
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L'exemple  de  la  figure  3  montre  tin  assemblage  realise  sur  NK15CADT  (Rene  77)  a  l'aide  d‘un  materiau  R8D 
elabore  avec  un  metal  d'apport  NiCrB  et  d'une  poudre  NK17CDAT  (Astroloyl  conduisant  a  une  composition  finale 
precise  de  celle  du  Rene  77.  Settle  une  variation  structurale  due  au  bore  exceoentaire  peui  y  etre  remarquec, 
difference  qui  n'entraine  pas  d'abattement  en  fluage-rupture  3  t*essaf  de  fatieue  ttteraigue  (figure  A) 

d'eprouvei.tes  prismatiques  reconsti  tuees  par  RED  ne  fait  pas  apparaitre  d'accroissement  de  vitesse  de  fissu- 
ration  dans  les  zones  de  liaison. 

II  est  possible  d'obtenir  des  structures  denses  pratiquemcnt  sans  limitations  geometriques ,  suit  dans 
des  interstices  entre  des  pieces  a  assembler,  soit  sur  la  surface  externe  d'une  piece.  De  telies  structures 
assurent  une  continuite,  dans  tout  son  volume,  des  caracteristiques  mecaniques  et  physiques  de  la  piece 
traitee. 


Fig  4 


ESSAI  DE  FATIGUE  THERMIQUE  SUR  EPROUVETTES 
EN  NK15CADT  (Ren*  77)  RECONSTITUEES  PAR  RBD 
A  L'AIDE  O'UN  ALLIAGE  RBD[NiCrB  *  NK17  CDAT  (Astrolov)j 


b)  Dispositrf 
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2.  RAsultats  des  msais 
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GrSce  au  jeu  des  paramStres  operatoires  qul  r£g issent  les  proprietes  physiques  du  melange  pendant  I ‘ ope¬ 
ra  t  i  on  de  constitution,  il  est  possible  de  b3tir  des  formes,  cosabler  des  trous,  recharger  des  surfaces... 

il  y  a  cependant  lieu  de  no  ter  que  lorsque  le  volume  conceme  par  le  materiau  RED  devient  trop  important, 

c'e-st-4-dire  au-deli  de  quelques  dixifcmes  de  millimetres,  1* influence  du  materia*!  support  s'estoope  et  U 
zone  RBD  pr^sente  alors  sa  structure  propre  qui  est  celle  a'un  .-nateriau  "metal  lurgie  des  pcudres",  grains 
equia.'es  moyens  a  fins. 

De  plus,  grSce  a  leurs  prir.cipes  identiques  les  precedes  BD  et  RBD  peuvent  5tre  combines,  e'est-a-dire 
que  les  cycles  thermiques  oropres  a  chacun  sont  compatibles,  peuvent  se  cumuler,  se  combiner... 

II  apparalt  alors  possiDle,  par  une  determination  precise  et  one  combinaison  judlcieuse  des  operations, 
d'aborder  tops  les  types  de  reparation  sur  pieces  de  turbine,  comne  en  temoignent  quelques  exemplas  traites 
a  la  SNcCMA  et  presentes  ci-apres. 

2.  MODULES  ^APPLICATION  DES  PR0CF.DES  BD  ET  RBD  EM  FONCTjOU  DL  LA  REPARATION  ENVISAGE?. 

Les  degradations  essentielles  qui  caracterisent  une  piece  de  turbine  deterioree  en  fonctionnement  sort  : 

-  d'ordre  geometrique  (fissure,  arrachement  par  impact,  erosion), 

-  d'ordre  structural  (corrosion,  brQlure). 


Devant  des  degradations  du  premier  type  on  procede  generalement  a  un  reconditionnement  des  surfaces 
de  fagon  a  assurer  leur  mouillage  et  a  une  liaison  metallurgique,  sans  enlevement  de  matiere.  Dans  le 
second  cas,  on  procede  a  une  elimination  des  parties  defectueuses  et  a  leur  remplacement.  Cette  technique  de 
“rapiecage"  s'applique  aussi  de  fagon  avantageuse  lorsque  les  dommages  de  type  geometrique  sont  trop  etendus 
ou  que  la  forme  de  la  piece  a  reparer  est  trop  complexe. 

Les  exemples  suivants  sont  destines  a  illustrer  les  possibilites  offertes. 


2. 1  Reparation  directe  de  la  piece 

Ce  type  de  reprises  est  pratiquement  limite  4  la  reparation  de  fissures,  au  rechargement  de  petits 
manques  de  matidre,  de  parties  erodees. 


Un  premier  exemple  est  celui  d'auhes  fixes  de  turbine,  coulees  de  precision  en  alliage  4  base  de 
cobalt  KC25NVI  (HS  31),  dSgradees  par  fissuration  ou  fatigue  thermique,  Pour  le  reconditionnement  de  ces 
pieces,  il  a  ete  necessaire  de  proceder  3  un  rechargement  du  bord  de  fuite  en  Vue  du  ragrSment  du  profil. 

La  reparation  a  ete  conduite  selon  la  gamme  de  principe  suivante  : 


-  nettoyage  des  surfaces  par  une  succession  d 'operations  classiques  telles  que  d&capage  chimique  et 
parachevfcuient  par  un  traitement  sous  atmosphere  contrOiee, 

-  rempl i ssage  des  fissures  les  plus  fines  jaar  un  metal  d'apport  3  base  de  NiCrB  sous  forme  d'une  pSte 
constituee  de  poudre  pr£alliee  et  d'un  liant  volatile, 

-  fusion  du  m6tal  d'apport  et  colmatage  des  fissures  par  passage  a  1200^  15  mn  sous  vide, 

-  depot  Vun  materiau  de  RBD  constitud  de  poudre  d'alliage  base  cobalt  et  de  poudre  de  metal  d’apport 
du  type  NiCoSi&, 

*  fusion  du  metal  d'apport  par  passage  4  1ZQ0°C  15  mn  sous  vide, 

-  contrOle  de  1'aspect  geometrique  des  reparations, 

»  traitement  de  diffusion  4  120Q°C  4  h  sous  vide. 


L'aspect  d'une  de  ces  pieces  est  montre  sur  la  figure  5,  4  l'Stat  brut  de  reparation,  la  microphotogra- 
phie  met  en  evidence,  pour  les  zones  rechargees,  la  continuit#  de  la  piece  4  la  reparation  et  la  nature  de 
celle-ci. 


Un  autre  exemple  est  celui  d’aubes  de  distributeur  de  turbine,  en  alliage  a  base  de  nickel  NC22DK  (C  242) 
prfisente  par  la  figure  6,  Dans  ce  cas,  des  fissures  assez  irnportantes  etaient  presentes  sur  l'intrados  et 
la  reparation  a  ete  realis6e  par  une  operation  simultanee  BD/R6D  4  laquelle  un  rechargement  RBD  a  ete  adjoint 
Dour  la  retouche  du  bord  de  fuite.  Du  point  de  vue  metallurgie,  on  a  obtenu  : 


-  une  parfaite  continuite  entre  la  reparation  et  la  piece, 

-  une  ISgbre  difference  entre  les  structures,  le  metal  de  base,  un  alliage  de  fonderie  base  nickel, 
presentant  un  grain  plus  fin  que  le  rechargement. 


2.2  Changement  de  parties  defectueuses 

Il  arrive,  dans  certains  cas,  que  des  degradations  trop  irnportantes  conduisent  a  operer  un  changement 
total  des  parties  defectueuses.  Cette  solution  peut  egaleraent  Stre  pr£feree  lorsque  les  zones  concernees  sont 
trop  ouvragfies  pour  subir  des  retouches  directes,  comne  par  exemple  un  bord  d'attaque  perfore  d'aube  mobi’e. 

On  procede  done  au  decoupage  de  la  zone  endommagee  pour  y  substituer  une  parcie  neuve  de  mSme  geomi  trie. 


f,s  s  REPARATION  D  UNE  AUBE  FIXE  DE  TURBINE  EN  ALUAGE 

DE  FONOERIE  KC25NW  (HS31)  PAR  80  ET  RBD 
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Fig  6 


REPARATION  D'UNE  AUBE  OE  DISTRIBUTEUR  DE  TURBINE 
EN  SUPER  ALU  AGE  BASE  NICKEL  DE  FONDERIE  PAR  BD  ET  RBD 
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Diverse^  etupes  dt  la  reparation 


Aspect  du  RBD  stir  te  bord  de  fuite 
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L*  reparation  peut  Stre  abordee  selon  deux  voies  distinctes,  en  function  -je  7 ’object: f  »isf  : 

1  -  la  recnercne  des  card c tori s; i q ues  mtcuriq_„.s  ;  Jrn!iquc-s  d  erlies  -v-ta'  oe  n i t- ,  i-c '  ic.,an*  s e 

parfaite  continuity  de  la  structure,  necessite  le  recours  au  orasu  g«  ~o  i f ( „s ior. »  et  i- tettage 
aussi  parlait  que  possible  des  surfaces  a  isiwt'er  ;  ce  chot*  sera  our  exeaple  preffere  pour  le 
ertanyemenb  u'un  boro  d'attaque  ou  Je  fuite  tar  r  -  aube  mobile  de  turbine  ou  la  coalite  des 
liaisons  doit  Stre  aussi  bonne  que  possible. 

Couipte  .anu  de  la  geometrie  des  pieces,  on  precede  qi-neralement  a  un  usinage  necanique  des  surfaces 
d'accostage  de  fag on  a  assurer  des  tolerances  etroites. 

2  -  La  reconstitution  geometrique  au  moindre  cout.  On  peut  alors  s'accomoder  genera  lenient  a'une  legere 

evolution  locale  des  proprietes  mecaniques  et  done  d‘un  accostage  moins  precis  des  surfaces  a  assem¬ 
bler.  Le  choix  se  porte  alors  sur  une  ablation  des  parties  endemagees  par  usinage  EDM  au  fil  et 
un  assemblage  de  1 'insert  par  R&D. 

Cette  deuxi&ne  voie  est  lllustree  par  l'exemple  donne  figure  7  du  cnangement  des  bords  d'actaque 
et  de  fuite  sur  une  aube  fixe  de  turbine  en  alliage  a  base  de  cobalt  KC24NKTa  (Mar  M  509). 

Pour  cette  application,  un  montage  pemnet  de  nettre  en  position  les  pieces,  en  vue  d'un  rentier, 
par  pointaqe  ;  le  jeu  releve  qui  varie  alors  de  0,2  a  0,5  im  est  comble  pan  1 'alliage  Rb2  cons t i - 
tue  de  poudre  de  NK17CDAT  (Astroloyl  et  d'un  metal  d’apport  NiCoSiB.  Dar.s  ce  cas,  it  a  etc  juge 
preferable  d'eviter  ! ' uti lisation  de  pouares  d'alliage  a  base  de  cosalt  susceptitles  de  for  ter, 
lors  du  traitenent  thermique,  des  composes  interracial liques  se  comportant  comme  des  sarrieres  oe 
diffusion.  Le  traitement  de  diffusion  est  effectue  en  four  sous  vise  sans  Outillage  parties  'ier. 

Sur  des  secteurs  multipales,  il  sst  possible  que  la  degradation  Je  I'une  des  pales  spit  telle  que 
son  cnangement  total  devienne  obli gatoire. 

La  recuperation  peut  alors  etre  envisagee  selcn  le  principe  suivar.t  :  les  secteurs  reformes  sont 
decoupes  en  aubes  eleraentaires ,  par  les  p  1  a tes- formes ,  a  aes  cotes  standards,  par  example  sur  une 
machine  E.D.M.  a  1'aide  d'ur,  fil  de  1  m  d'epaisseur  ;  les  pieces  unitaires  sont  ers„;te  soil 
rebutees,  soit  recuperees  pou>-  les  elements  suffisamnent  sains.  -  partir  de  ces  o  err  ier:  qe  nou- 
veaux  secteurs  sont  construits  par  assemblage  R3u.  La  preparation  a  lassemplage  consist*  essen¬ 
ce]  lement  a  pointer  les  pieces  sur  un  montage  qui  assure  la  section  de  passage  cans  la  veine.  Apres 
rsmplissage  des  joints  par  un  materiau  SSD,  1 ‘assemblage  lut-n&mc  est  mene  au  four  sous  vide.  Le 
type  d‘ ope rat ion  peut  etre  effectue  en  atelier  apres  reintegration  des  pieces  reformers,  fne  repa¬ 
ration  identique  peut  #tre  effectuee  sur  des  pieces  neuves  rebutees  en  fonderie  pour  defauts  gto- 
metriques . 

L'n  exemple  de  cette  possibilite  est  montre  par  la  figure  >  qui  il  lustre  la  reconstitution  ce  secteurs 
de  distributeurs  de  turbine  en  alliage  NK15CADT  (Rene  7').  les  photcarapnies  raontrent  le  jeu  entre 
les  surfaces  a  assembler  apres  le  pointage,  et  1 'aspect  externe  de  la  liaison  RBD  qui  est  suffi- 
samment  fin  pour  eviter  toute  refouche  raecanique. 

Conjointement  a  1 ' assemblage ,  dans  le  cas  des  pieces  reparees,  certaines  portees  sent  recnargees 
afin  de  permettre  ur.  usinage  precis  avant  remontage. 

Dans  le  cas  de  degradations  importantes ,  il  est  aussi  possiDl,-  de  eeconstituer  entierement  la 
partie  degrades  a  partir  de  poudres  et  l'exemple  presente  a  la  figure  9  illustre  cette  possibilite. 

Il  s'agit  ici  de  la  reconstitution  d'un  bossage  de  prise  d'accesscire  sur  une  aube  fixe  de  turbine 
en  NK15CADT  (Sene  77).  Dans  ce  cas,  la  preeminence  initiale  necessitant  une  modification  georaetrique 
a  ete  arasee  et  une  nouvel le  ferme  a  ete  batie,  directement  en  materiau  R3D.  Four  ce  faire,  une 
forme  en  poudre  RBC  a  ete  prefrittee  a  une  geometrie  tenant  compte  du  retrait  ulterieur  du  materiau 
lors  du  cycle  thermique  .  La  forme  de  la  prise  d'accessoire  est  ensuite  obtenue  par  usinage. 

L'interSt  d'une  telle  operation  reside  essentiellement  dans  son  caructire  economique  du  a  la  faci¬ 
lity  d 'appl ication  ;  la  retouche  est  en  effet  appiiquee  directement  sur  la  peau  de  fonderie  apres 
une  preparation  chimique,  voire  un  simple  degraissage  si  la  surface  n'est  pas  OxyJee.  De  nompreuses 
interventions  de  ce  type  sont  possibles  :  bouchage  de  trous,  reprises  de  nervures...  pourve  que 
les  caractaristiques  reciierch.ees  aient  pu  etre  ’uparavant  assurees  par  ties  essais  en  Laboratoire. 


CONCLUSION 

Le  devel oppenient  par  la  SNECMA  des  techniques  de  Brasage-Diffusion  et  de  Recnargeraent-Brasage-Diffusion 
permet  une  nouvel le  approche  des  problemes  de  reparation.  Les  premieres  applications  ont  ete 
motivees  par  la  carence  des  precedes  de  souuage  conventionnel  r.cta'ijrent  Sur  les  super  a  1 1  iages  de 
fonderie.  Mais  1‘interSt  economique  est  vite  apparu  de  la  reparation  de  pieces  d'autres  types  \ chancres 
de  combustion,  carters...).  Ces  techniques  etant  raise  en  oeuvre  a  l'aide  d'un  four  sous  vide  Je  trai- 
tement  industriel  et  d'outillages  simples,  elles  peiTiettent  le  traitement  simultar.e  de  norabreuses 
pieces . 

Bien  entendu,  une  experience  reste  a  acquerir  qui  pennettra  d'affiner  les  techniques  et  d’en  obter.ir 
un  meilleur  profit.  Nous  persons  par  ces  quelques  lignes,  avoir  mis  en  evidence  I'etenoue  aes  possi- 
b’lites  otfertes  quoique  ia  iiste  dea  cas  traitcc-  soit  loin.  d'?*re  exiiaustive. 


CHANCEMENT  DES  BORDS  D  ATTAQUE  ET  DE  FUITE  SUR  UNE 
AUBE  FIXE  DE  BANC  EN  KC24NWTa  (Mar  M509) 
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SUMMARY 

Cas  Turbine  blades  operating  at  high  temperature  and  strci.s  experience  microstructural  t rans format  ions 
which  eventually  lead  to  their  replacement.  The  occurrence  ot  creep  beyond  allowable  limits  is  a  major 
cause  of  turbine  blade  replacement. 

Microstructure  and  properties  ot  many  superailoys  can  be  re sot red  by  reheat  treatment.  This 
restoration  is  only  partially  effective  if  internal  creep  voids  ire  present.  Hot  Isostatic  Pressing  (HIP) 
is  a  process  which  can  be  used  to  heal  su^h  creep  voids  and,  in  conjunction  with  the  reheat  treatment, 
provides  a  viable  method  tor  the  rejuvenation  of  used  turbine  blades. 


INTRODUCTION 

The  use  of  rejuvenation  processes,  usually  heat  treatments,  to  recover  the  properties  of  superttlloy 
materials  is  a  concept  that  has  been  with  us  for  a  number  of  years.  However,  this  approach  has  received 
a  new  Impetus,  particularly  for  gas  turbine  blade  materials,  due  to  the  current  high  cost  and  decreased 
availability  of  these  components. 

A  major  cause  of  blade  replacement  at  overhaul  is  blade  growth  beyond  the  acceptable  limits. 

Excessive  blade  growth,  or  creep,  may  be  due  to  a  number  of  mechanisms#  Blades  which  experience  a 
turbine  overtemperature  can  undergo  microstructural  transformations  which  reduce  the  creep  resistance  of 
the  material.  Such  blades  can  be  expected  to  grow  at  a  faster  rate  than  those  with  normal  microstructures* 
Similarly,  blades  with  a  long  in-service  life  will  experience  this  lessening  of  creep  resistance,  albeit  at 
a  more  gradual  rate.  The  normal  blade  tip  clearances  are  quite  small,  and  often  as  little  as  1  or  21 
creep  elongation  In  the  blades  can  cause  tip  rubs. 

The  degree  of  microstructural  degradation  found  at  overhaul  may  be  acceptable,  and  in  such  instances 
the  use  of  repair  welding,  blending,  etc.  can  be  used  to  return  these  blades  to  service.  However,  the 
blades  will  have  lost  somt  fraction  of  their  useful  life,  and  would  benefit  from  a  rejuvenation  treatment. 
Further,  if  creep  voiding  has  occurred,  heat  treatment  alone  will  not  heal  these  cavities.  Here  the 
additional  factor  of  pressure,  found  in  the  hot  isostatic  pressing  (HIP)  process,  is  required. 

There  are  several  benefits  from  a  successful  rejuvenation  process.  The  ability  to  return  scrapped 
parts  to  service  has  obvious  economic  advantages.  Reclamation  of  used  blades  decreases  the  need  for  spare 
parts,  a  definite  gain  In  an  era  when  suppliers  must  meet  an  increased  demand  for  new  components,  to  which 
the  spare  parts  inventory  perForce  takes  second  place.  Also,  a  reduction,  in  the  need  for  superalloy  spare 
parts  assists  In  the  conservation  of  relatively  scarce  materials,  e,g.  cobalt,  tantalum,  etc. 

Hie  present  programme  is  aimed  at  developing  HIP  rejuvenation  re-heat  treatment  cycles  for  two 
Nimonic  alloys,  Nimonic  105  and  NimonJc  115.  The  development  of  the  cycle*-  is  in  conjunction  with  the 
National  Aeronautical  Establishment,  National  Research  Council,  Canada. 

REJUVENATION  CRITERIA 

Turbine  blade  life  is  limited  by  internal  and  external  damage.  The  external  damage  includes  hot 
corrosion,  oxidation/erosion,  thermal  fatigue  cracking  and  foreign  object  damage.  The  environmental 
effects  are  influenced  strongly  by  the  type  of  fuel  used:  land-based  turbines  utilizing  clean  natural  gas 
suffer  little  or  no  corrosion  attack,  while  similar  units  burning  oil  or  similar  fuels  will  experience 
corrosion  early  in  their  life,  and  must  be  monitored  more  frequently.  L'ithin  limits,  oxidation  and 
corrosion  products  can  be  removed  successfully  by  blending,  but  the  repair  of  open  cracks  on  the  blade 
surface  is  not  so  reliable. 

The  internal  damage  which  occurs  in  the  nickel-based  superaiiuy  turbine  blade:,  may  be  broadly 
divided  into  two  types.  Firstly,  microstructural  damage  results  from  the  alteration  of  the  basic 
structure  due  to  high  temperature  thermal  cycles.  The  nickel-based  superaLloys  depend  upon  a  fine 
dispersion  of  the  ganwa  prime  precipitate  within  the  gamma  solid  solution  matrix  for  their  elevated 
temperature  creep  resistance.  Thermal  cycling  results  in  the  coarsening  or  agglomeration  of  the  gamma 
prime  phase,  resulting  in  fewer  obstacles  to  dislocation  movement,  with  a  corresponding  reduction  of 
creep  resistance.  Ollier  undesirable  effects  include  the  breakdown  of  primary  carbides  and  the  formation 
of  the  topologically  cLose-packed  phases,  namely  sigma,  Laves  and  mu. 

These  microstructural  changes,  either  can  be  reversed  or  have  their  effect  minimized  for  many 
alloys  by  re-heat  treatment*  or  thermal  y,e  Juvenat  ion  cycles. 


!o : 


The  other  area  of  internal  blade  damage  may  be  classified  as  structural  discontinuities*  These 
include  cavitation,  micro-cracks,  and,  in  cast  blades,  inherent  casting  detects-  Cavitation  is  the 
term  applied  to  internal  microporosity  at  grain  boundaries  vith  a  transverse  orientation  to  the 
direction  of  applied  stress*  These  cavities  can  grow  and  «i,J*  up  to  form  rai  cro-c racks ,  and  give  rise 
to  a  stress  rupture  failure.  Micro-cracks  may  t orm  also  at  such  inrernal  stress  raisers  as  inclusions, 
or  Croat  the  fracture  of  brittle  carbides,  casting  defects,  uf  course*  do  not  result  from  turbine 
operation*  but  are  formed  during  sol  1U1 1  icat  ion .  Porosity,  either  due  to  c*ntrapped  gas  or  shrinkage,  is 
the  most  connun  casting  detect,  but  all  such  detects  can  have  a  deleterious  effect  on  the  operating  lilt! 
of  the  blade* 

It  was  suggested  earlier  that  the  majority  of  micros tructural  defects  were  the  result  of  elevated 
temperature,  and  may  be  reverted  by  heat  treatment*  Similarly,  structural  discontinuities,  other  than 
casting  delects,  are  generally  the  result  ol  appl ied  .stresses  *  These  defects  can  be  healed  by  the  use 
ol  stress,  the  pressure  ot  the  HIP  cycle.  Therefore,  a  combination  ot  HIP  and  heat  treatment  can  be 
effective  in  reversing  both  classifications  of  internal  blade  damage,  and  restore  not  only  the 
microstructure  but  also  the  mechanical  properties  of  turbine  blade  materials. 

HI?  FACILITY 


The  Hot  Isostatic  Pressing  process  was  developed  originally  lor  the  consolidation  of  metal  powders 
to  attain  theoretical  density.  The  HIP  unit  is  basically  a  pressure  vessel,  Figure  1, which  is  pressurised 
with  an  inert  gas  and  simultaneously  heated.  The  combination  ot  heat  and  pressure  collapses  internal 
cavities  and  bonds  surfaces  together. 

Tills  concept  was  applied  to  investment  cast  turbine  blades  to  heal  the  internal  micro-porosity 
inherent  in  these  components.  This  treatment  proved  very  effective,  and  It  is  now  standard  practice  at 
West inghouse  Canada  Inc*  to  HIP  as-cast  blades  in  IN738  material  before  installation  in  turbines 

REJUVENATION  PHILOSOPHY 


Data  accumulated  on  service  exposed  Inconel  X-750  turbine  blades  with  microscopic  voids  show  that  ^2) 
full  restoration  of  mechanical  properties  is  possible  with  a  HIP  re-heat  treatment  rejuvenation.  Figure  2, 
Further,  in-service  testing  of  the  treated  blades  shows  no  degradation  of  properties  after  25,000  hours  ol 
post-rejuvenation  life,  Figure  3,0), 

Despite  the  relative  simplicity  oi  the  HIP  rejuvenation  concept,  early  work^^has  shown  that  careful 
selection  of  cycle  parameters  is  essential  if  the  requisite  microstructural  features  are  to  be  maintained 
during  the  rejuvenation  process.  The  need  for  the  optimization  of  HIP  and/or  post-HIP  thermal  cycles  for 
specific  applications  cannot  be  over-emphasized* 

HIP  CYCLE 


The  HIP  temperature  selected  for  a  given  alLoy  is  above  the  gaimia  prime  solvus  temperature  for  the 
alloy.  Such  a  temperature  allows  tor  the  dissolution  of  the  gaimna  prinx  phase,  and  ensures  that  material 
flows  readily  under  the  isostatic  pressure  imposed  to  seal  the  internal  cavities.  Other  factors  must  be 
considered  also  for  the  exact  temperature  to  be  chosen'*',  These  include  the  grain  coarsening  temperature 
of  the  alloy,  which  may  be  time  dependent  also.  Figure  4*  Another  consideration  is  the  solvus  temperatures 
of  precipitates  other  than  gamma  prime*  The  ideal  selection  would  include  examination  of  virgin  alloy 
material  to  determine  the  degree  of  primary  carbide  degeneration  that  has  occurred  during  service  exposure. 
Further,  much  rejuvenation  work  is  naturally  carried  out  on  older  materials,  where  perhaps  the  composition 
was  not  as  strictly  controlled  as  In  later  alloys.  The  examination  of  virgin  stock  could  determine  the 
presence  of  sigma  phase,  for  example, and  how  much,  if  any,  was  tolerated  in  the  original  blades. 

K8-HEAT  TREATMENT  CYCLE 


The  aim  of  the  post-HIP  reheat  treatment  cycle  is  to  restore  the  microstructure  of  the  alloy  to  its 
pre-service  condition.  Some  alloys  require  a  slow  furnace  cool  from  the  solution  treatment  temperature 
to  either  a  lower  ageing  temperature,  or  a  partial  solution  treatment  temperature.  Such  a  treatment 
exists  for  Nimonic  llr>(  and  a  similar  treatment  is  used  for  HIP  processed  IN-7  38  castings  The 

treatments  give  improved  creep  ductility  over  the  conventional  air  cooling  treatments.  This  is  attributed 
to  the  formation  of  serrated  grain  boundaries,  that  are  believed  to  resist  sliding  and  give  rise  to  more 
homogeneous  do  format  ion. 

The  slow  cooling  rate  can  provide  desirable  grain  and  twin  boundary  morphology,  and  by  allowing 
longer  times  for  MC  and  M23Cfc  particle  growth,  could  cause  the  formation  of  Large,  discrete  Carbides  at 
these  boundaries.  Such  larger  carbides  could  improve  creep  rupture  properties  by  disrupting  grain 
boundary  sliding. 

The  adverse  effects  of  the  slow  cooling  can  be  the  formation  of  carbide  platelets  at  the  grain 
boundaries,  and  a  larger  gamma  prime  particle  size,  with  a  resultant  increased  interparticle  spacing  for 
a  given  volume  fraction  of  gunsno  prime  precipitates.  Such  particle  si2c?  changes  tend  to  increase  the 
creep  rat 
mlgrot Ion 

Thus  the  selection  of  the  post -HI!*  reheat  treatment  cycle  must  consider# 

a)  serrated  grain  boundary  formation 

b)  carbide  precipitate  morphology 

c)  size  and  shape  ol'  gamma  prime  particles. 

The  mi cros tructur al  features  are  interrelated,  and  the  optimum  results  are  obtained  by  control  of 
solution  temperature,  cooling  rate,  partial  solution  temperature  and  ageing  treatment. 


w. 


Figure  5,  as  a  result  of  easier  Orowan  looping  and  diffusion  controlled  grain  boundary 


CURRENT  DEVELOPMENT 
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HIP  reheat  treatment  rejuvenation  cycles  are  being  developed  for  Nimonic  105  and  Ninon ic  11 5 
service  exposed  turbine  blades.  The  blades  had  experienced  approximately  100,000  hours  of  exposure,  and 
the  as-received  materials  showed  a  corresponding  degradation  of  physical  properties.  This  was  particularly 
noticeable  in  the  ffimonic  i I *r  blades,  whert  heavy  phase  formation  had  caused  severe  embrittlement* 

Initial  rejuvenation  trials  have  resulted  in  the  restoration  of  tensile  and  stress  rupture  properties 
but  full  ductility  has  not  been  recovered.  However,  further  cycles  involving  slow  cooling  techniques  are 
being  studied,  and  a  full  restoration  of  all  properties  is  expected. 

The  second  stage  of  this  programme  will  be  the  rejuvenation  of  a  complete  row  of  service  exposed 
blades  of  each  alloy.  The  treated  blades  will  then  be  returned  to  their  respective  turbines,  and  their 
in-service  performance  measured  on  a  regular  basis#  This  monitoring  is  essential  to  prove  the  long  term 
effectiveness  of  the  rejuvenation  treatments. 

CONCLUSIONS 


The  microstructural  philosophy  necessary  for  the  successful  HIP  reheat  treatment  rejuvenation  of 
service  exposed  superalloys  has  been  developed,  and  Westinghouse  Canada  Inc.  has  applied  this  philosophy 
to  used  turbine  blades. 

The  in-service  performance  of  n  'uvenated  parts  has  been  monitored,  with  very  good  correlation  of 
properties  between  rejuvenated  and  new  omponents.  Existing  results  suggest  that  HIP  reheat  treated 
blades  are  a  v iable  alternative  to  new  re*. '  acement  blades  tor  gas  turbines. 
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FIG. 3.  LARSON  MILLER  PLOT  (P  =  T  X  10J  (20  +  tog  t),  T  IN  “K, 
t  IN  HOURS)  COMPARING  STRESS-RUPTURE  PROPERTIES  OF 
SERVICE  EXPOSED,  VIRGIN  AND  HIP  PROCESSED  BLADES 
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FIG.a.  MICROSTRUCTURAL  DEPENDENCE  OF  RUPTURE  LIFE  OF  SERVICE 
SIMULATED  INCONEL  700  TESTED  AT  790”C  AT  345  MN/m1 
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HIP  PROCESSING  - 

t  ’  Potentials  and  Applications 

by 

W.  J.  van  der  Vet 
CHROMALLOY  DIVISION-OKLAHOHA 
1720  National  Boulevard 
hidwest  City,  Oklahoma  73140 
U .S .A. 


SUMMARY 

Introduced  in  the  early  1960s  as 
a  sophisticated  metalworking  and  heat 
treat  process,  hot  isostatic  pressing  has 
made  strong  inroads  against  established 
techniques.  Hot  isostatic  pressing,  or 
HIP,  is  a  process  in  which  components  are 
subjected  to  the  simultaneous  application 
of  heat  and  pressure  in  an  inert  gas 
medium.  From  its  inception  as  a  means  of 
gas  pressure  bonding  nuclear  fuel  assem¬ 
blies  (1)  HIP  processing  today  finds  a 
wide  variety  of  uses  from  cermet  cutting 
tool  manufacture,  to  the  production  and 
rejuvenation  of  gas  turbine  hardware.  (2) 

The  results  obtained  on  complete 
engine  sets  of  Inconel  X-750,  Udimet  500 
and  Rene1  100  turbine  blades  indicate 
that  HIP  processing  is  capable  of  re¬ 
storing  new  or  near  new  creep  properties 
and  low  cycle  fatigue  properties  to  used 
blades . 

The  process  should  be  applicable  to 
most  superallcys,  nevertheless,  recent 
work  emphasized  the  need  for  preproduction 
process  parameter  verification  to  estab¬ 
lish  optimum  cycles  which  take  into  ac¬ 
count  both  the  metallurgical  and  mechan¬ 
ical  aspects  of  suparalloys . 


1.  DESCRIPTION  OF  CHROMALLOY ■ S  HIP  UNIT 


The  basic  equipment  needed  for  HIP  processing  consists  of  a  pressure  vessel,  a  high 
temperature  furnace,  a  gas  compressor,  and  a  temperature  pressure  control  system.  Ad¬ 
vanced  HIP  pressure  vessels  must  withstand  pressures  up  to  30,000  psi  (206B  bars), 
furnaces  must  operate  up  to  2730°F ( 1500°C) ,  the  gas  compressor  must  not  contaminate  the 
working  fluid,  and  the  control  system  must  maintain  work  zone  temperature  to  within 
+  25°F(  +  14  C)  ,  and  pressure  within  2* . 

Figure  1  illustrates  the  latest  generation  of  equipment,  and  Figure  2  shows  the 
actual  Chromalloy  HIP  unit. 

In  Table  1  the  basic  parameters  for  the  Chromalloy  HIP  unit  are  given. 

The  Chromalloy  HIP  facility  will  accept  parts  18"D  x  20''L  for  processing  at  temper¬ 
atures  from  1400°F(760°C)  to  2400°F ( 1315°C)  at  pressures  from  5,000  to  29,000  psi. 

The  unit  offers  complete  thermal  cycle  capability  including  rapid  quenching.  As  will 
be  discussed  later,  this  feature  is  particularly  useful  for  engine  run  turbine  hardware 
which  requires  post-HIP  heat  treatments  for  optimum  property  recovery.  Use  of  high  purity- 
liquid  argon  as  a  medium  for  pressurization  minimizes  the  potential  for  surface  contam¬ 
ination.  Temperature  of  the  work  pieces  is  precisely  controlled  and  monitored  by  multiple 
thermocouples  distributed  throughout  the  area. 

2.  PRINCIPLE  OF  HOT  ISOSTATIC  PRESSING 


As  shown  in  Figure  2A,  a  part  placed  within  the  work  zone  is  simultaneously  acted  upon 
by  heat  and  pressure.  Internal  voids,  sealed  from  the  surface,  experience  a  pressure 
differential  exceeding  the  local  yield  strength  of  the  material  at  appropriate  operating 
temperatures . 


Deformation  occurs  in  this  region  as  the  internal  free  surface  of  the  void  is  pressed 
shut.  Metallurgical  bonds  ire  formed  soon  after  void  collapse.  Once  at  temperature  and 


pressure,  healing  occurs  rather  rapidly. 


Need  for  more  cost  effective  manufacturing  to  produce  wrought  superalloy  and  titanium 
products  has  brought  forth  the  use  of  HIT  to  manufacture  near  net  shape  forcing  preforms. 

(1.4,5) 

Most  major  engine  manufacturers  foresee  HIP  incorporated  on  a  large  scale  rnto  turbine 
disk  manufacture .  In  fact,  based  on  results  from  HIP  powder  consolidation  experiments, 
the  U.  S.  Air  Force  is  funding  several  manufacturing  programs  on  airframe  and  engine 
components  which  will  use  hot  isostatic  pressing  to  save  time,  conserve  material  and 
produce  better  products. 

In  the  mid  1960s,  researchers  reasoned  that  if  HIP  densities  sealed  or  prosrntereu 
wrought  material  and  imparts  superior  mechanical  properties,  then  HIP  should  favorably 
affect  castings  with  subsurface  porosity,  or  shrinkage  cavities.  Provided  the  micro- 
porosity  is  well  distributed,  no  measurable  dimensional  changes  due  to  pore  closure  should 
occur  during  HIP.  Preliminary  work  by  GE(6),  Buttelle(l),  and  Howmet(7)  confirmed  that, 
indeed,  this  was  the  case. 

Application  to  the  aerospace  investment  casting  field  was  obvious,  for  as  turbine  needs 
have  led  to  stronger,  more  complex  alloys  and  shapes,  casting  quality  did  not  keep  up  with 
these  demands . 

Chromalloy  Di vision-Oklahoma  has  used  the  HIP  unit  especially  for  the  aerospace 
industry  in  developing  repairs  and  rejuvenating  jet  engine  parts  which  were  considered 
unserviceable  a  few  years  ago. 

3 ■  RESULTS  OF  HIP  REJUVENATION  OF  TURBINE  COMPONENTS 

Reduction  in  microporositv  has  a  profound  influence  on  the  mechanical  properties  of 
cast  superalloy  components. 

Representative  data  (Figures  3,  4  and  5)  demonstrate  that  for  stress  rupture  type 
applications,  HIP  processing  can  improve  mean  property  levels  and  decrease  scatter  bands. 
(6,7).  At  temperatures  above  the  notch  sensitive  range,  typically  1600  F(870UC)  and 
above,  HIP  has  less  effect  on  the  mean  property  level,  but  by  reducing  the  porosity,  HIP 
reduces  the  scatter.  Obviously,  the  thinner  the  cross  section  the  greater  the  potential 
benefits  of  HIP. 

Fatigue  properties  can  be  improved  by  HIP  processing  as  well.  Recent  data  on  B190C 
and  Nimonic  105  alloy  turbine  blades  are  (resented  in  Figures  5  and  6.  Note  that  both 
mean  and  98%  confidence  limit  are  improved  through  use  of  HIP. 

Engine  manufacturers  have  several  ways  to  capitalize  on  these  developments.  First, 
since  HIP  reduces  property  scatter  more  confidence  may  be  placed  in  the  design,  either  by 
raising  allowable  stress  levels  or  extending  overhaul  periods.  Second,  the  elimination 
of  porosity  greatly  reduces  the  chance  for  premature  failure.  Third,  by  eliminating  sub¬ 
surface  defects  less  rejections  will  occur  during  final  machining  operations  as  these 
,  areas  become  the  external  surface. 

t 

:  Successful  application  of  HIP  on  castings  depends  on  optimally  combining  the  casting 

|  parameters,  HIP  parameters,  and  subsequent  heat  treatments,  to  bring  forth  those  charac¬ 

teristics  most  desirable  for  the  given  application . 

Use  of  HIP  to  rejuvenate  damaged  components,  or  extend  the  service  of  life  limited 
components,  is  an  area  of  keen  interest  to  the  Chromalloy  organization. 

Theoretically,  HIP  should  heal  internal  damage  generated  during  service;  surface 
microcracks  may  be  healed  provided  a  suitable  coating  is  frrst  applied.  Immediate  engine 
applications  would  include  turbine  blades  and  disks  from  both  the  turbine  and  compressor. 

At  Chromalloy  Di vision-Oklahoma ,  numerous  programs  employing  HIP  recovery  of  mechan¬ 
ical  properties  of  engine  run  components  have  produced  positive  results.  One  program 
demonstrated  property  recovery  of  engine  run  B1900  blades  through  use  of  typical  KIP 
process  conditions  followed  by  resolution  heat  treatment;  HIP  at  2175°F(1190  C)  27,000  psi 
for  2  hours  plus  resolution  at  2175°F ( 1190°C) ,  2  hours  rapid  cool  plus  coating  cycle  at 
1975  F(1079°C)  for  4  hours  plus  age  at  1650  F(900°C)  for  10  hours. 

Before  and  after  HIP  mechanical  properties  and  microstructures,  illustrated  in 
Figures  6  and  7,  demonstrate  that  HIP  will  improve  the  stress  rupture  life  and  close  voids 
in  service  run  hardware,  produce  some  internal  structure  homogenization  and  favorably  in¬ 
fluence  carbide  formation  and  distribution. 

Stress  rupture  properties  of  the  engine  run  B1900  parts  fall  on  the  low  end  of  the 
new  pai t  scatter  band.  Subjecting  the  used  parts  to  HIP  processing,  fully  restored  stress 
rupture  properties.  Later  work  with  chromalloy's  advanced  HIP  unit,  having  rapid  cooling 
capability,  produced  equivalent  results  without  the  need  for  a  resolution  treatment.  A 
similar  effort  undertaken  to  recover  Rene'  100  and  SEL-15  alloy  turbine  blades  has 
resulted  in  a  production  process  for  rejuvenation  of  turbine  blades  now  used  by  a  major 
airline  and  the  general  aviation  fleet. 


II-.? 


The  full  procedure  Includes  a  tip  weld  to  restore  length,  a  hot  reform  to  reset  twist 
and  warp  angles  of  the  airfoil,  and  hot  isostatic  pressing  to  insure  that  the  overhauled 
part  has  optimum  stress  rupture  properties. 

Initially,  the  Rene*  100  blades  were  HIP  processed  in  units  without  heating  or  cooling 
flexibility  and  received  post-resolution  treatment  as  part  of  the  process.  The  chromalloy 
unit,  offering  rapid  quench  capability,  allowed  elimination  this  heat  treatment  with  no 
loss  in  properties.  In  fact,  significant  improvement  in  1400  F(760°C)  rupture  character¬ 
istics  are  observed. 

The  importance  of  thermal  cycle  flexibility  in  the  HIP  cycle  is  illustrated  by  results 
of  the  program  to  improve  the  SEL-15  version  of  the  blade.  Conventional  HIP  followed  by 
post-HIP  resolution  treatments  caused  severe  degradation  of  the  alloy  properties  while  a 
modified  cycle  in  a  unit  using  rapid  quenching  improved  the  alloy  properties  (Figures  8  and 
9)  . 


Thus  far,  we  have  indicated  benefits  of  HIP  in  recovery  of  stress  rupture  properties. 
Similar  benefits  can  be  gained  in  fatigue.  Figure  10  illustrates  a  comparison  of  HIP 
versus  no  HIP  on  a  cast  SEL  alloy  component.  The  parts  not  HIP  processed  were  given  a 
conventional  solution  treatment  in  an  effort  to  recover  mechanical  properties.  It  is 
evident  that  a  dramatic  improvement  of  fatigue  properties  could  be  achieved  by  using  HIP 
rather  than  conventional  heat  treatment. 

Data  on  Rene'  80  alloy  turbine  blades  reinforce  the  notion  of  correctly  tailoring  the 
process  cycle  to  the  alloy  and  component.  Chromalloy  conducted  a  number  of  cycles  aimed 
at  optimizing  the  process  cycle.  HIP  followed  by  normal  coating  and  aging  heat  treatments 
optimized  stress  rupture  properties. 

Further  improvement  was  not  possible  through  resolution  treatment  after  HIP  and  caused 
deterioration  of  properties  (Figures  11  and  12).  Recently,  Chromalloy  studied  the  feasi¬ 
bility  of  incorporating  HIP  rejuvenation  in  the  repair  scheme  of  low  pressure  first  stage 
turbine  blades  made  from  Nimonic  105  material.  The  total  engine  time  on  the  blades  was 
1,290  hours.  Three  material  conditions  were  studied: 

(i)  “As  received"  to  document  the  degradation  of  material  properties; 

(ii)  Simulated  Conventional  Repair  Treatment  (CRT)  representing  normal 
repair  procedures; 

(iii)  HIP  rejuvenation. 

Seventeen  blades  were  used  for  each  of  the  three  material  conditions.  For  the  'as  received" 
condition,  no  additional  treatment  was  given  and  the  blades  were  tested  as  such.  Tne 
simulated  CRT  consisted  of  1900  F(1038°C)  for  0.5  hours,  air  cool  followed  by  1290°F (700°C) 
for  16  hours  and  air  cool.  The  third  group  of  samples  was  HIP'ed:  1975°F (108g”c)  for 
4  hours  at  28  ^3i  fo^_owed  by  a  rapid  cool  and  a  heat  treatment  at  1560  F(850°C)  for  24 
hours  and  1300  F(700°C)  for  16  hours.  Three  blades  were  used  for  elevated  temperature 
tensile  testing  at  1200°F (650°C)  and  stress  rupture  testing  at  1200°F (650°C) ,  118.7  ksi 
was  performed  on  seven  blade  test  specimen  for  each  condition.  The  configuration  of  test 
specimens  for  both  testings  is  shown  in  Figure  13. 

Fatigue  testing  was  performed  at  1000°F (538°C)  and  150  ksi  stress  level  on  seven  test 
specimens  for  each  condition. 

The  blades  used  for  stress  rupture  testing  were  also  employed  for  metallographic 
examination.  As  a  result  of  these  tests  we  found  that  the  tensile  properties  at  1200  F 
(600  C)  were  comparably  similar  for  "as  received"  and  HIP'ed  conditions.  The  CRT  material 
showed  lower  strength  levels,  but  better  ductility.  However,  for  all  three  conditions, 
tensile  properties  were  within  the  alloy  specifications. 

The  stress  rupture  data  is  presented  in  Figure  14.  The  dgta  show  good  stress  rupture 
capability  for  all  three  conditions  (Alloy  Digest  data  at  650°C,  118.7  ksi,  indicates  a 
50-hours  life).  CRT  material  and  HIP'ed  blades  show  some  marginal  improvement  in  the 
stress  rupture  life  over  "as  received"  condition.  HIP'ed  blades  show  a  wider  spread  in 
stress  rupture  lives  although  the  spread  in  data  is  evident  for  all  the  three  conditions. 

The  fatigue  results  (Figure  15)  show  a  distinct  improvement  for  the  HIP'ed  condition; 
both  log  mean  and  98%  limit  cyclic  lives  are  superior  to  those  exhibited  by  "as  received" 
and  CRT  material.  The  "as  received"  material  shows  a  definite  degradation  in  fatigue 
performance  at  the  engine  run  blades. 

As  a  result  of  these  tests,  HIP  was  incorporated  in  the  repair  scheme  at.  the  blades, 
life  limited  before,  are  used  again  for  at  least  one  more  overhaul  cycle. 

Encouraged  by  these  results,  Chromalloy  is  working  toward  applying  HIP  for  recovery 
to  other  wrought  alloys  .ncluding  Nimonic  8QA,  Inco  901  and  12%  chromium  steel.  We  feel 
that  directionally  solidified  alloys  will  respond  to  HIP  process  treatments  as  well. 
Optimization  can  be  achieved  either  through  resolution! zing  after  HIP  or  by  direct 
quenching  from  the  HIP  temperature. 


For  overhaul  work  Ciiroaailoy  recommends  a  direct  quench  method  to  avoid  potential 
deleterious  effects  due  to  remnant  aluaunide  coating  which  may  occur  during  a  conven¬ 
tional  post-^IP  regolution  treatment.  Stress  rupture  data  at  1800°F (982°C)  and  fatigue 
data  at  L400  Fl7bQ  C)  illustrate  potential  improvements  for  HIP  of  D.S.  hardware 
(Figure  16).  Extending  these  theraomechanical  techniques  to  other  jet  engine  hardware, 
such  as  disks,  will  require  developing  further  techniques  in  order  to  maintain  dimensional 
tolerances  and  to  heal  surface  related  defects. 

The  preceding  examples,  however,  emphasize  several  points. 

First,  HIP  can  be  used  to  recover  life  limited  components  at  overhaul  if  damage  has 
not  progressed  to  the  point  of  incipient  failure.  Second,  HIP  can  be  used  to  optimize 
both  new  and  used  part  properties.  Third,  both  cast  and  wrought  components  will  respont. 
to  HIP  processing.  Fourth,  further  studies  are  required  in  order  to  optimize  HIP  cycles 
for  those  materials  that  do  not  respond  favorably  to  HIP  treatment  using  the  parameters 
established  for  conventional  heat  treatment  procedures. 
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Flic  papers  in  the  session  ‘ 'l.it'c  extension  and  repair  II"  eoulil  he  brought  under  three  different  headings. 

( 1 )  Some  papers,  the  papers  whieh  were  presented  hy  Mr  Marijnissen  of  Eibar  and  Mr  Piehoir  of  ONI  RA.  dealt 
with  high  temperature  coatings.  their  proteetion  and  the  effect  of  coatings  on  the  mechanical  properties  of  the 
substrate. 

(2)  The  paper  given  hy  Mr  Mounorat  of  Sneema  can  be  brought  under  the  heading  Repair  hra/e  processes 

(3 1  The  other  two  papers,  given  hy  Mr  Leach  of  Westinghouse  and  Mr  v .d.Vet  of  C’liromalloy.  discussed  the 
rejuver  :tion  of  turbine  components  by  the  use  of  the  HIP  process,  which  means  Hot  Isostatic  Pressing. 

Although  all  the  above  processes  do  not  seem  directly  related  to  each  other,  they  have  several  things  in  common, 
firstly .  they  are  mostly  applied  on  high  temperature  turbine  parts.  Secondly,  and  most  importantly,  they  all  serve  the 
same  purpose,  the  extension  of  service  life  of  high  temperature  parts  which  are  very,  not  to  say  extremely,  expensive.  To 
give  an  example:  present  1st  stage  turbine  blades  will  cost  up  to  about  2000  dollars  each,  vane  segment  prices  can  be  even 
higher. 

Let  us  go  back  now  to  tile  first  subject  in  this  session  the  coatings.  Mr  Marijnissen  of  Elbar  told  us  about  the  I  lco.it 
300  coating,  which  is  a  li-Si  coating  dev  eloped  by  his  company  for  use  on  industrial  gas  turbines.  1  he  coating  is  obtained 
by  firstly  applying  a  thin  titanium  layer  on  the  surface  by  means  ol  ion-plating,  followed  by  a  diffusion  heat  treatment. 
Subsequently  the  part  is  pack-siliconized  and  finally  aged  The  coating  application  heat  treatment  is  part  of  the  heat 
treatment  of  the  substrate.  According  to  the  speaker  this  Ti-Si  coating  should  demonstrate  a  superior  corrosion  resistance 
at  around  700° ('  and  equal  corrosion  resistance  at  about  ‘>00'Y  in  comparison  to  the  MOAIY  type  overlays. 
Unfortunately  these  comparative  results  were  not  included  in  the  paper.  Nevertheless,  according  to  the  published  ng 
testing  R-sults  this  coating  seems  to  be  fairly  promising,  at  least  lor  the  lower  temperature  range. 

Mr  Piehoir  of  ONE  RA  gave  a  presentation  about  the  effect  of  coatings  on  the  mechanical  properties  of  superalloy 
components.  The  adverse  effects  of  coatings  can  he  due  to  ( I » the  thermal  cycle  of  the  coating  application  treatment; 

(2)  the  reduction  in  cross  section  and  the  coating  weight,  resulting  in  higher  loading  of  the  net.  load-hearing  cross  section ; 

(3)  the  interdiffnsion  between  coaling  and  substrate  during  service,  which  might  result  in  unfavourable  precipitation  and 

(4)  the  microstmcture  of  the  coating  itself,  e.g.  a  low  ductility  of  the  coating  resulting  in  early  crack  initiation. 

The  author  emphasised  that  dependent  upon  the  nature  of  the  coaling  tpaek-aluminides  in  comparison  to  the 
overlays)  the  effect  on  the  mechanical  properties  can  be  quite  different.  E.g..  the  overlay  coatings  show  less  negative 
effects  on  the  mechanical  properties  because  their  thermal  application  cycle  can  easily  be  made  compatible  with  the 
superalloy  substrate  heat  treatment.  Furthermore,  the  interdiffusion  between  overlays  and  ubstrate  is  only  of  minor 
importance  owing  to  the  better  stability  of  the  overlay  coating.  Finally  the  overlay  shows  much  better  ductility. 

In  the  discussion  on  these  papers  the  questions  were  especially  directed  to  the  ductility  of  the  Fleoat  3b0  coating 
and  the  behaviour  under  thermal  cycling.  According  to  the  author  the  ductility  of  the  coating  and  its  cyclic  behaviour 
should  be  good. 

The  second  subject  in  this  session  was  repair  brazing. 

Mr  lionnorat  gave  an  inteiesting  piescntation  about  the  technique  of  diffusion  brazing  for  repair  of  cracked  and 
even  further  degraded  turbine  stator  components  He  described  two  processes:  ( I )  brasage  diffusion,  which  is  a  diffusion 
brazing  process  using  a  low  melting  point  braze  filler  metal,  based  on  a  Ni-C  o  or  Ni-(T  base  alloy  with  Si  and  B-additions 
The  braze  filler  metal  can  he  applied  in  the  form  of  a  metal  foil  or  as  a  paste  containing  braze  metal  powder  This  process 
can  bridge  gaps  up  to  a  maximum  of  about  100  pm 
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Tiic  second  process  the  author  mentioned  was  "reeiiargcmcnt  brasage  diffusion  "  which  is  also  a  diffusion  brazing 
process.  However,  in  Itiis  case  the  braze  filler  metal  is  always  applied  as  a  paste  furthermore,  apart  from  the  low  melting 
point  braze  powder  a  second  tj  pc  powder  is  added,  which  lias  the  same  or  approximately  the  same  composition  as  the 
base  materia!  of  the  component,  and  which  will  not  melt  during  the  process.  This  allows  for  the  repair  of  wide  gaps  ami 
even  allows  for  the  build  tip  of  wom-offand  corroded  surfaces.  The  described  tcchniviues.  which  seem  to  be  very  similar 
to  the  ADI  I  process  developed  by  (if.  look  very  promising 

The  final  subject  in  this  session  was  the  potential  of  HIP  processing  on  rejuvenation  of  turbine  components  Both 
authors.  Mr  l  each  of  West  inghuuse  and  Mr  v.d.Vet  of  ('Itroinalloy  pointed  to  the  Kmefici.il  effc.  i  of  (lie  combination  of 
applied  pressure  and  heat  treatment  during  the  HIP  process. 

During  hipping  the  component  is  simultaneously  subjected  to  high  temperature  and  \er>  high  pressure  Such  a  treat¬ 
ment  will  on  the  one  hand  result  in  eliminating  structural  discontinuities  le.g.  by  closing  up  internal  creep  voids).  On  the 
other  hand  the  process  has  the  potential  of  reheat  treating  the  component  and  reversing  the  microstnictural  degradation 
which  has  occurred  in  service.  On  several  alloys  hipping  has  shown  really  remarkable  results,  on  other  alloys  hipping 
seems  to  have  a  negative  effect.  The  most  important  problem  still  is  the  selection  of  a  suitable  heat  treatment  cycle  for 
each  individual  alloy,  because  temperature  has  a  marked  effect  on  the  dissolution  of  the  V  phase  and  other  precipitates 
and  on  grain  coarsening.  Also  the  cooling  rate  at  the  end  of  the  HIP  process  itsel!  or  during  reheat  treatment  cycles  is  a 
major  factor.  A  more  fundamental  knowledge  of  the  combined  effect  of  heat  and  pressure  seems  tv'  Iv  necessary  to  gain 
the  full  potential  from  this  very  promising  technology. 

To  conclude  New  coatings  are  being  developed:  many  repair  processes  are  appearing,  e.g  diffusion  brazing  with  the 
option  of  adding  extra  parent  metal  powder  to  bridge  broad  cracks,  or  even  to  build  up  airfoil  surfaces:  and  hipping  is 
underway  as  a  means  to  rejuvenate  rejected  turbine  parts  still  waiting  in  stock  tor  better  times  All  these  processes  are 
highly  important,  y  et  I  missed  something  which  hardly  was  spoken  of  during  the  presentations  and  discussions.  I  will 
mention  two  simple  things: 

1 1 )  Is  there  anybody  here  who  can  tell  me  liovv  you  can  determine  the  remaining  life  of  a  coating  w  hen  a  blade 
comes  in  lor  overhaul"  I  will  make  this  clear:  i!  a  blade  comes  in  and  il  still  looks  goovl.  who  is  going  to  say 
that  you  can  return  it  to  serv  ice  instead  of  recoating  it"  Because  if  the  coating  is  going  to  fail  shortly  after 
returning  it  to  service  then  the  blade  will  not  even  be  repairable  at  the  next  overhaul,  owing  to  severe  parent 
metal  attack  Thus  the  remaining  eoating  life  has  to  Iv  measured  in  some  way 

(2)  All  repair  processes  like  diffusion  brazing  and  also  hipping  can  only  eliminate  surface  connected  cracks  with 
very  clean  surfaces.  Hence  cleaning  is  a  major  topic.  Perhaps  we  can  cover  these  topics  during  the  discussion 


A  number  of  studies  O— *  have  sr.O’-'j;  that  hot  iso-static-  pressing,  ie*  t:ie  im.ul  h: :  li-rati  ;r.  .  f 

high  temperature  ar.b  hie::  pressure,  car.  ciyr.ifiear.tly  reduce  rnicr-  ro-r.  r  i  ty  ir.  cart  supers I  leys.  it  if 
■well  established  fo:  wrought  superaiicys  that  if  severe  surface  damage  by  mechanic a,  ,-r  o.rr.sivc  effects, 
is  not  predominant,  failure  occurs  'ey  the  growth  :tr.d  craiescer.ce  of  j .  res  or  cavities  at  grain  i  .tta.oarief 
within  the  material  \ *  as  a  resuit  of  creep.  The  possibility  arises  therefore  of  applying  the  hirrirg 
p-rocess  to  remove  this  internal  creep  damage  thereby  restoring  creep  performance*  Experiments  or.  test- 
pieces  and  on  re  ter  dados  subject  to  creep'  deformation  have  confirmed  that  the  original  properties  can  U 
recovered  to  a  significant  extent  \ b , ~  ’  and  the  useful  life  tr.ur  expended.  The  present  v-.rh  was  carried 
out  to  investigate  the  feasibility  of  using  the  same  process  to-  re  *  over  the  prerertiee  of  specimens  .  f 
cast  superalloy,  L'i''y5LC ,  which  was  known  to  fail  as  a  result  -:f  cavity  formation  .  Previous  work  or. 
this  alloy  had  shown  that  after  various  times  of  exposure  in  creep  conditions  n  hit  ring  treatment  either 
gave  more  reproducible  values  of  rupture  life  for  a  given  stress  with  ut  any  otherwise  significant  imrj.ve- 
aent  in  properties  or  could  result  ir.  increased  rupture  live?  up  t.  about  Ir.vse  tests  in¬ 

volved  relatively  short  lives  to  rupture  compared  tc  components  in  service  and  a  feature  ci  the  present 
work  has  beer,  that  low  stresses  were  used  to  give  lives  tc  rupture  of  approximately  r_.  Tino,  it  wao 

important  to  determine  the  limit  of  the  amount  of  creep  dan-age  that  Co-Id  be  all  wed  c.  ;« :cumul  bef-r.' 
hipping  became  ineffective,  creep  tests  have  beer,  interrupted  at  various  stages  prior  t-  rupture# 

EX  PEE  IXEh  I AL  FKb  GET  URLS 

Two  batches  of  testpieces  were  used,  identified  respectively  as  IV::  and  TV.  The  specimens  of  the 
DCH  series  were  machined  from  investment-cast  blanks  while  those  of  the  SV  series  were  machined  from  cast 
"carrots*'*  The  DCH  specimens  had  a  more  uniform  and  slightly  larger  grain  sice  but  extensive  tests  snowed 
that  the  difference  was  not  sufficient  to  affect  the  creep  performance  (1C).  The  analysis  -of  the  all: y s 
used  ir.  this  work  was  within  the  limits  for  the  normal  commercial  specification  , ,  tr.e  I3K  mat-  .  i:tl 
having  an  election  vacancy  number  of  2. >6  ana  that  of  ST  being  2-.%;  the  standard  commercial  neat  treat¬ 
ment  of  2h/1 '20  C/AC  +  2Ah/S^V  C/ AC  was  applied. 


high  sensitivity  creep  tests  were  carried  cut  at 


o 


parallel  portion,  bOasu;  gauge  length. 


C  using  testpieces 


.ham;  gauge  diameter,  *cxin* 


.r.e  gauge  ie:. 

by  circumferential  ridges  to  which  extensometer  limbs  were  connected-  Ail  tests  at  * 
out  or.  DCH  caterial  and  those  at  2hCKFa  or.  SU  material.  To  study  the  effect  hip  pi 
varying  amounts  of  creep  damage  tests  on  different  specimens  were  terminate!  after  pro 
creep  vie-  from  early  secondary  tc  the  tertiary  stage  of  deformation*  The  testpieces 
regenerative  treatment  which  involved  hipping  for  2h  at  TiSc  G  in  a  pressure  c-f  argon 


the  commercial  heat  treatment.  The  surfaces  were  cleaned 


removing  at  out 


and  each  specimen,  was  then  retested  to  failure  under  the  same  conditions  of  sti  css  a:.j 
previously.  base-line  data  were  obtained  by  testing  two  specimens  of  1X1  ii  r^teri^l  at 
without  interruption  and  similarly  one  specimen  of  Si-  material  at  f :  C-KFa * 
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Tests  or.  seven  specimens  of  DCH  at  ITTMPa  were  interrupted  at  the  times  and  strains  detaiie 
Table  1  and  described  as  condition  ’b*.  After  applying  the  regenerative  treatment  the  tests  or; 
specimens  were  continued  to  failure,  but  two  specimens,  vie*  and  were  retained  f 

graphic  examination  with  r.o  further  creep  testing-  Data  for  the  specimen  of  3V  material  which 
the  same  sequence  of  testing,  regeneration  and  retesting,  but  using  an  applied  creep  stress  % 
also  contained  in  Table  1#  live  life  and  stiuii,  w  fracture  for  each  of  the  specimens  after  hip 
condition  *C*,  is  detailed  also  in  Table  1  and  the  combined  life,  ie.  inclusive  of  that  before  a 
the  hipping  treatment,  is  given  by  *2  +  C*.  The  total  life  to  rupture  cay  te  c.  r.pared  with  thn 
to  fracture  without  interruption  in  the  same  test  conditions,  ie.  condition  *A*  in  Table  1,  and 
observed  that  for  all  tests  except  that  stopped  at  the  earliest  stage  t'TXlHjT  there  was  an  incr 
total  rupture  life  and,  to  varying  extents,  ir,  rupture  due ti lit;  as  a  result  '4‘  the  regenerative 
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The  significance  of  these  results  becomes  more  apparent  when  the  duration  of  the  initial 
hipping,  expressed  as  a  jercentage  oi  the  expected  nominal  life,  is  pi  tied  as  a  function  : 
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life  obtained  by  c'cMring  the  durations*  ir  creep  prior  and  subsequent  to  hirtping,  alao  expressed  as  » 
percentage  ^ f  the  expected  nominal  life*  A  graph  illustrating  the  relationship  obtained  is  shown  in 
Fig.1,  and  it  is  evident  that  a  greater  benefit  in  increased  life  was  obtained  for  sp*'""i!r,er;r.  tested  to  tr.t- 
later  stages  .f  creep  jn  >r  t-  r.Li ;  i:....  Examples  of  the  creep  curve.1.  Attiined  L fere  ar.c  alter  the  regen¬ 
erative  treatment  are  given  in  Figures  2  and  3*  for  tests  interrupted  during  steady-state  and  tertiary 
creep  respectively.  In  big. 3  a  creep  curve  from  a  specimen  tested  to  rupture  without  interruption  ii 
also  shown  for  comparison.  rigs-*:  ana  3  and  the  data  in  Table  i  show  that,  the  creep  resistance  wan  re¬ 
stored  by  the  hipping  process  and  frost  rig.1*  it  is  evident  that  the  greatest  improvement  in  creep  remitt¬ 
ance  was  obtained  t  .r  the  specimens  with  the  highest  creep  rate  prior  to  hipping. 

Ih«~*  results  of  experiments  reported  elsewhere  (it  '  showed  that  cavities  on  grain  b jundariei.-  in  cr 
l*‘«.'3oli  were  observed  after  in  tests  carried  out  at  t)\.  C*  and  V.  oKl-a ,  so  that  crt-i-p  danuged  groin 

boundaries  would  be  expected  to  occur  in  all  the  tests  performed  in  this  study.  A  metal lographic  examin¬ 
ation  to  investigate  the  effect  of  hipping  or.  creep  damage  on  all  specimens  was  clearly  impossible  because 
of  the  destructive  nature  of  the  examination  required,  so  that  observations  of  the  effect  of  hipping  have 
been  confined  to  two  representative  cases.  Thus  tests  on  two  specimens,  TDCHbD  and  7DCH7L,  were  stopped 
at  -.pproximately  h^OOh  and  on  a  further  two  specimens,  and  7DCK10D,  at  approximately  7?0Qh  (Table  1 

Subsequent  to  the  application  of  the  hipping  procedure  to  these  two  pairs  of  specimens,  one  of  each  was  re¬ 
tested  in  creep  while  the  ether  was  sectioned  for  metallographic  examination.  There  was  no  evidence  of 
any  intergranular  cavitation  or  cracking  in  either  specimen  so  that  it  in  reasonable  to  assume  that  the 
creep  damage  had  been  healed  as  a  result  of  the  hipping  treatment. 

LiSCUSiiidJ 

It  is  evident  from  the  results  presented  that  hipping  can  restore  the  creep  performance  of  specimens 
crept  to  various  stages  of  secondary  and  tertiary  creep,  presumably  as  a  result  of  the  restoration  of  the 
original  microstructural  condition  (6,9 ,*•  Except  for  the  specimen  hipped  after-  less  than  2UA-  of  the  ex¬ 
pected  life,  the  total  life  to  rupture  was  extended  in  every  care  ond  the  increase  ir.  duration  was  more 
marked  for  the  specimens  which  had  been  crept  for  the  longest  times  prior  to  .receiving  the  regenerative 
treatment.  A  feature  of  the  results  is  that  for  the  three  tests  interrupted  after  creep  durations  of 

between  and  bOUOh  (creep  strains  of  up  to  l.f#)  the  life  to  rupture  after  hipping  was  approximately 

the  same  ie.  ^*?CVOh.  This  may  represent  the  maximum  life  recoverable  by  a  single  regenerative  treatment. 
Significantly,  for  the  single  specimen  crept  to  the  beginning  of  rapid  tertiary  (c.6£  strain.’,  the  life 
after  hipping  was  approximately  I^COh  less  than  this  apparently  optimum  recoverable  life.  Thus  the 
average  line  drawn  through  the  points  in  iig.l,  which  assumes  that  there  i«  no  decrease  in  the  efficiency 
of  hipping  at  high  prior-strains,  may  not  be  valid.  However,  further  work  would  oe  necessary  to  establish 
the  precise  form  of  this  relationship  which  could  have  important  implications  for  the  practical  application 
of  hipping  techniques  to  the  recovery  of  properties  in  components  removed  from  service. 

There  was  no  oe tallographic  evidence  to  suggest  that  hipping  became  less  effective  after  higher  creep 
strains  since  grain  boundary  cavitation  and  cracking  was  removed  in  the  specimen  crept  to  the  tertiary 
stage.  Also  the  creep  resistance  was  restored  suggesting  tliat  the  morphology  of  the  mi c restructure  was 
similar  to  that  in  the  "as  heat-treated”  condition. 

Surprisingly  the  recovery  of  creep  life  ir.  the  specimen  interrupted  in  the  early  stage  of  creep  (O.Jft 
strain)  also  showed  less  than  the  apparent  maximum  amount  of  recoverable  life.  This  is  illustrated  by  the 
dotted  line  in  Fig.1  since  it  would  be  expected  that  any  benefit  of  hipping  after  creep  would  result  in  a 
total  life  to  rupture  of  more  than  lOOjb.  One  possible  explanation  that  the  hipping  operation  was  some¬ 
what  damaging.  In  this  case  alsc  further  work  would  be  necessary  to  establish  a  complete  understanding  of 
the  behaviour  since  in  a  limited  programme  the  effects  of  variability  of  performance ,  characteristic  of 
cast  alloys,  cannot  be  assessed. 

Despite  these  limitations  the  work  has  shown,  for  the  first  time  to  our  knowledge  for  a  cast  alloy 
under  the  conditions  of  test  described  (vie.  low  stress  and  long  durations),  tliat  creep  performance  can  be 
restored  by  a  hipping  treatment.  In  terms  of  the  practical  application  the  evidence  that  significant 
extension  of  life  can  be  obtained  by  regenerative  treatment  applied  in  the  later  stages  of  crec-p  defor¬ 
mation  is  obviously  advantageous  particularly  from  the  point  of  view  of  planning  maintenance  intervals. 
However  it  will  be  important  to  identify  the  stage  at  wh5 ch  effective  regeneration  will  not  be  achieved. 

For  the  present  alloy,  comparison  with  other  work  (10)  suggests  that  full  regeneration  of  properties  is 
obtained  up  to  the  stage  at  which  intergranular  cracks  are  no  greater  then  about  0.03mm  in  length.  Thus, 
for  this  particular  alloy,  the  observation  of  internal  crack  length  may  provide  a  simple  criterion  for 
assessing  the  probable  efficiency  of  a  regenerative  treatment  although  parameters  appropriate  to  the  lower 
applied  stresses  ercountered  in  practice  may  have  to  be  established.  Also  no  effort  has  been  made  to 
investigate  the  effects  of  successive  hipping  operations  but  the  results  from  work  on  a  wrought  alloy 
suggest  that  further  restoration  of  properties  could  be  expected  (11). 

In  the  wider  context  of  repair  of  components  the  use  of  a  welding  process  may  result  in  a  locally 
heterogeneous  microstructure  and  occasionally  in  the  formation  of  small  defects.  The  application  of 
regenerative  treatments  which  include  hipping  after  weld  repair  will  ensure  the  re-establishment  of  a 
microetructure  with  good  creep  resistance  and  rupture  properties. 

CONCLUSIONS 

The  regenerative  treatment  referred  to  in  these  conclusions  is  a  combined  process  which  involves 
hot  isostatic  pressing  followed  by  commercial  heat  treatment  end  tne  conclusions  relate  epecilicaiiy  to 
the  cast  euperalloy  1N7>SLC. 

1.  The  regenerative  treatment  wae  effective  in  recovering  the  rupture  properties  when  up  to  85% 

of  the  nominal  life  had  been  consumed. 

2.  The  later  the  stage  in  creep  at  which  the  regenerative  treatment  was  applied,  the  greater  was  the 

increase  in  total  life  to  rupture.  A  maximum  improvement  of  in  rupture  life  was  obtained. 


5*  The  maximum  efficiency  of  the  regeneration  treatment,  in  terras  of  subsequent  added  creep  life,  is 
approximately  constant  over  a  prescribe  but  wide  range  of  creep  duration. 

4-  The  creep  resistance  was  restored  fnr  material  in  which  the  deformation  had  teen  allowed  to  prv-oee 
well  into  the  tertiary  stage  uf  creep. 

9*  The  minimum  creep  rate  after  the  regenerative  treatment  tended  to  decrease  an  the  creep  rate  at 
which  the  test  wns  stopped  prior  tc  the  regenerative  treatment  increased. 

6.  The  practical  irar' tea -ior.s  cf  the  work  relate  to  the  use  of  regenerative  treatments  to  extend  the 
life  of  gas  turuii  ''omponer*  c  removed  from  service  druing  periodic  overhaul. 
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TABLE  1 

Influence  of  Lipping  treatment  on  creep  properties  of  1M7381£  at  850°C 
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Condition  A  -  Cht  +  creep  to  rupture  (Cht  -  2h/1120°C/AC  -t-  24h/845°C/AC ) 

Condition  B  =  Cht  +  partial  life  creep  prior  to  hipping 

(hipping  =  2h/ll8tTC/l70MPa  +  Cht) 

Condition  C  -  Creep  to  rupture  after  hipping 
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Totcii  hi*,  ip.  before  and  after  hipping,*/,  of  expected  nominal  life 


Fig.  I  Extension  ot  rupture  li+e  of  IN738LC  by  use  of  a 

regenerative  hipping  treatment  after  different  durations 
of  creep  prior  to  expected  nominal  rupture  in  the 
commercial  heal  -treatment  condition. 


Specimen  -.  7DCH6D 

Condition  B'  - Partial  lite  creep  test  in  condition 


Fig  2  Effect  of  hipping  on  creep  behaviour  of  IN738LC  in  test 
steady  state  creep  at  170MPa  ond  850  *C 


J  ; 

12000  14  000 

stopped  during 


Specimen :  70CH8B 

Condition  A'  -  2n/11201t/AC  •  2Ah/8A5°C/AC  (CM) 

8  Specimen  7DCH10D 

Condition  B'  Partiot  life  creep  test  in  condition 
2h/1120°C/AC*24h/6A5°C/AC  (Cht) 


Condition  ‘C’  Retest  to  rupture  after  hipping  P 


Fig. 3  Effect  of  hipping  on  creep  behaviour  of  IN736LC  in  test  stopped  m  tertiary 
creep  prior  to  rupture  at  170MPa  and  850  °C 


Creep  rale  at  interrupted  stage(B) 


Fig.  4.  Effect  of  creep  rate  reached  at  end  of 
initial  test  on  minimum  creep  rate 
after  hipping  treatment. 
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Repair  and  Regeneration  of  Turbine  Blades,  Vanes  and  Discs 


H.  Huff  and  J.  Wortmann 
MTU  Miinchen 
8000  Miinchen  50 

West  Germany 


Summary 


Even  today,  the  repair  of  incipiently  cracked  turbine  components  is  essentially  limited 
to  non-rotating  parts.  Repairs  to  rotating  parts  are  carried  out  on  low-stressed 
areas,  such  as  seals,  only.  In  this  case,  weld  build-up  has  proved  to  be  a  suitable 
process.  Stator  vanes  can  be  high-temperature  brazed  following  reduction  annealing. 
However,  problems  are  encountered  when  it  comes  to  making  sure  of  the  complete  removal 
of  oxides.  A  highly  promising  method  for  increasing  the  reliability  of  turbine  blades 
that  have  been  in  service  lies  in  their  regeneration  by  heat  treatment  or  HlP-process- 
ing.  Results  to  date  have  been  so  positive  that  one  may  reckon  with  the  use  of  regen¬ 
erated  blades  in  the  near  future.  However,  a  prerequisite  for  the  use  of  these  repair 
procedures  is  a  guarantee  of  reliability  and  a  knowledge  of  the  stresses  that  occur 
during  operation. 


Repair  of  Turbine  Blades,  Vanes  and  Discs 

Turbine  components  suffer  from  different  kinds  of  loading,  which  in  the  highly  stressed 
parts  results  in  life-limiting  consumption  by  creep,  thermal  fatigue  and  low-cycle 
fatigue.  Several  repair  procedures  have  become  well  established  for  non-rotating 
parts  in  particular.  Repair  of  rotating  components,  discs  and  blades,  for  instance, 
is  usually  restricted  to  lowly  stressed  areas,  especially  sealing  fins,  blade  tips 
and  couplings  (Tables)  . 

Welding  and  brazing  techniques  have  been  successfully  developed  even  for  materials 
that  are  difficult  to  weld,  such  as  Ni-based  superalloys  with  high  y'  -content.  Regen¬ 
erative  treatments  have  been  specified  and  will  be  in  use  soon.  This  applies  to  turbine 
blades,  and  investigations  have  been  started  for  disc  materials. 

In  any  case  quality  assurance  methods  have  to  be  available  to  attest  that  the  repaired 
component,  base  material  and  zone  meet  the  specific  strength  requirements.  Component 
tests  under  near-to-service  conditions  as  well  as  test  runs  will  in  most  cases  be 
necessary  to  validate  the  repair  procedures. 


Repair  of  abraded  seals 

Because  of  unbalances  and  during  running-in,  seals  of  discs,  shafts  and  blades  are 
usually  abraded,  resulting  in  a  decrease  of  engine  efficiency.  Several  repair  methods 
have  been  developed. 

Figure  1  shows  for  example  a  detail  of  a  repair  instruction  for  turbine  blades  with 
Beal  tips  at  shroud  and  platform.  These  are  removed  completely  by  grinding  the  assem¬ 
bled  rotor,  A  mating  ring  is  prepared,  sectioned,  joint  by  brazing  and  finally  the 
fins  are  restored  (Fig.  2).  The  brazing  temperature  is  about  1200  °C,  well  above 
the  solution  temperature  and  near  the  incipient  melting  point.  Embrittlement  of  the 
grain  boundaries  by  borides  can  also  be  observed,  which  may  be  detrimental  to  the 
thermal  fatigue  behaviour  of  the  fins.  Temperatures  well  above  1000  °C  have  to  be 
used  because  of  poor  wetting  behaviour  of  these  alloys  at  lower  temperatures  (1). 

To  overcome  the  problems  resulting  from  the  heat  treatment  of  the  whole  blade  at 
highest  temperatures  a  micro-plasma  spraying  or  welding  process  would  be  preferred. 

Figure  3  shows  an  experimental  TIG  welding,  using  blade  material  IN  100  and  welding 
filler  material  Nimonic  90,  which  shows  a  micro-fissure-free  heat-affected  zone, 
despite  the  poor  welding  properties  of  IN  100.  Thermal  fatigue  tests  proved  that 
this  repair  procedure  produces  sufficient  properties,  stellite  filler  materials 
will  further  Improve  the  wear  properties  of  the  sealing  fins. 

Abraded  blade  tips  can  be  repaired  using  the  same  procedure  (Fig.  4)  (2). 


Vanes 

Crack  formation  in  vanes  is  very  common,  in  particular  at  trailing  edges  and  near 
changes  in  section,  owing  to  thermal  fatigue-type  loading.  Because  of  the  high  temper¬ 
ature  gas  environment  these  cracks  reveal  heavily  oxidized  surfaces.  Because  of  their 
thermodynamic  stability,  sophisticated  methods  have  to  be  applied  to  reduce  the  oxides. 
Soaking  under  hydrogen  or  more  effective  fluoride  atmosphere  is  used  (3). 
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Problems  arise  particularly  fom  narrow  cracks  which  have  proved  difficult  to  deoxidize 
and  inspect.  Incompletely  cleaned  crack  surfaces  will  not  be  wetted  by  the  brazing 
filler  and  consequently  will  give  rise  to  crack  propagation  (Fig.  5). 

It  would  seetn  necessary  to  monitor  the  repair  process  by  metallographical  examination 
of  a  representative  sample. 


Regeneration  of  Turbine  Blades 
Problem 

The  remaining  creep  life  of  a  set  of  turbine  blades  has  to  be  assessed  on  the  basis 
of  several  microsections  taken  from  samples.  The  criterion  for  the  degree  of  consump¬ 
tion  of  creep  life  is  the  creep  voiding  of  the  grain  boundaries.  Classification  of 
the  sectioned  blades  is  done  with  reference  to  a  standard,  which  is  assumed  to  give 
a  correct  correlation  between  consumption  of  creep  life  and  the  degree  of  voiding 
(Fig.  6)  . 

The  mean  creep  life  damage  of  the  test  sample  is  taken  as  representative  of  the  whole 
set  and  the  remaining  service  time  is  assessed  accordingly. 

This  procedure  is  unsatisfactory  because  of 

inspecting  a  relatively  small  test  sample 

difficulties  in  correlating  a  definite  microsection  with  a  standard 

-  taking  mean  sample  creep  damage  to  define  the  remaining  service  time  despite  rela¬ 
tively  large  scatter. 

We  therefore  feel  that  the  probability  for  premature  turbine  blade  failures  associated 
with  this  process  should  be  diminished  by  a  suitable  method,  which  could  be  a  regen¬ 
eration  of  the  blades. 

The  blade  in  question,  made  of  wrought  Ni-base  alloy  Nimonic  108  (20  Co,  15  Cr ,  5  Mo, 

5  Al,  1.2  Ti) ,  is  cooled  and  coated  (aluminium  diffusion  coating).  An  increase  in 
the  usable  service  lifetime  of  at  least  30  %  is  thought  to  be  sufficient  to  give 
an  acceptable  standard  of  in-service  failure  probability. 

Treatments  promising  successful  regeneration  of  the  creep  properties  are: 

-  heat  treatment  typical  for  this  alloy  and 

-  hot  lsostatic  pressing 

on  condition  that  no  loss  of  other  mechanical  properties  of  the  blade  is  caused  by 
the  treatment. 

This  means  that  the  impact  and  fatigue  properties  must  be  examined  closely  after 
regeneration. 

The  investigation  has  been  performed  on  test  bars  and  blades.  The  bars  were  precrept 
up  to  about  75  %  of  their  creep  life,  treated  for  regeneration  and  loaded  finally 
to  fracture.  Blades  were  taken  from  engines,  treated  and  tested  in  a  hot  gas  test 
facility  and  compared  with  both  new  blades  and  those  that  had  been  in  service. 

in  addition,  fatigue  (HCF) ,  tensile  impact  tests  and  metallographic  investigations 
were  carried  out. 


Typical  heat  treatment 

The  fir3t  approach  to  restore  the  creep  properties  of  samples  and  blades  was  the 
application  of  heat  treatment  typical  for  Nimonic  108: 

4  h/1150  °C  /  AC  +  16  h/1030  °C  /  AC  +  16  h/700  °C 


Results: 

Creep  properties  of  precrept  bars  (up  to  70  %  rupture  time)  were  shown  to  be  comple¬ 
tely  restorable  (Fig.  7),  More  severely  elongated  bars  (  >7  %)  were  affected  positively, 
revealing  some  ten  per  cent  increase  in  total  life. 

Elimination  of  creep  porosity  is  achieved  by  sintering  and  grain  boundary  migration 
during  the  solution  heat  treatment.  Complete  removal  of  voids  was  not  attained  (4). 

Grain  coarsening  and  precipitation  of  large  inter-metallic  phases  within  the  coating 
occurred  simultaneously. 


HIP  Treatment 
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r  Among  others,  the  following  HIP  parameters  were  tested. 

1  h  /  1150  °C  /  1600  bar 

1  h  /  1050  °C  /  1800  bar 

1.5  h  /  1070  °C  /  1320  bar 


Partial  heat  treatments  at  1030  °C  and/or  700  °C  were  carried  out  additionally,  the 
complete  heat  treatment  showing  the  best  results. 


Results: 

Total  rupture  life  of  bars  and  blades  -  already  damaged  in  a  test  rig  corresponding 
to  about  75  i  of  their  lifetime  -  was  improved  by  at  least  50  %. 

No  significant  difference  in  the  high  cycle  fatigue  behaviour  {bending  fatigue)  of 
virgin  and  HIP-treated  blades  and  no  embrittlement  were  observed. 

Even  subsurface  grain  boundary  cracks  can  be  eliminated  (Fig.  8  and  9).  No  grain 
boundary  coarsening  or  degradation  of  coating  were  observed  at  HIP  temperatures  lower 
than  1100  °C.  The  standard  deviation  of  untreated  blades  is  s  ,  =  75  h,  of  treated 

Streat.  =  40  h  <Fi?‘ 

The  microstructure  (  y‘  and  carbide  morphology)  is  restorable,  with  one  peculiarity, 
that  7'-precipitates  after  HIP  treatment  are  of  cubic  modification  whereas  the  normal 
modification  is  spherical.  (The  same  is  true  after  an  additional  heat  treatment.) 

The  explanation  for  this  behaviour  is  probably  a  change  in  the  misfit  of  7  and  7 
under  HIP  conditions  to  lower  values  as  well  as  a  change  in  solubility  of  the  alloying 
elements. 


Conclusion 

The  creep  properties  of  damaged  test  bars  and  blades  proved  to  be  restorable  -  at 
least  partially  -  by  both  typical  heat  treatment  and  HIP  treatment.  But  grain  coarse¬ 
ning  and  degradation  of  the  aluminium  diffusion  coating  precludes  the  application 
of  solution  heat  treatment. 

A  HIP  treatment  at  a  temperature  level  of  about  1050  °C  and  pressures  of  more  than 
1000  bar  would  appear  to  be  a  successful  method  for  restoring  the  service  properties 
of  turbine  blades  for  more  than  50  t  of  their  designed  life  time. 

Quality  assurance  has  to  guarantee  closely-kept  HIP  parameters  such  U3  temperature, 
pressure,  cooling  rate  and  contaminants. 

The  application  of  a  regeneration  treatment  will  only  decrease  the  probability  of 
an  engine  failure,  not  prevent  it,  of  course.  For  there  is  as  yet  no  reliable  method 
for  sorting  out  those  blades  which  suffer  from  internal  cracks  starting  from  the 
cooling  holes.  Even  high  definition  X-ray  radiography  has  not  proved  suitable.  Because 
the  probability  of  internal  cracks  of  critical  sizes  is  significantly  small,  these 
defects  would  seem  to  be  tolerable. 

In  1982  regenerated  blades  will  be  fitted  in  three  flight  engines,  and  others  will 
run  in  an  endurance  test. 
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Type  of  defect 

Type  of  loading 

Repair  procedure 

Problems 

-  Fatigue  cracking 

In  bores,  holes 
gears 

LCF 

Removal  of  areas  possibly  incipiently 
cracked  by  machining  (regeneration) 

Complete  removal 

—  Fretting  in  bolt 
bolts  and 
grooves 

HCF,  LCF 

Shot  peening,  removal 

Parameter  monitoring, 
crack  detection 

-  Worn  contact 
surfaces 

Wear 

Metal  spraying 

Adhesion 

—  Abraded  seal 
lips 

Wear, 

thermal  fatigue 

Weld  build-up,  micro-plasma 
spraying 

Welding  cracks,  defects 

—  Worn  grooves 

Wear,  HC' 

Electroplated  protection  against  wear 

HCF  strength, 
process  monitoring 

Table  1  Repair  Procedures  for  Shafts,  Rings  and  Discs 


Type  of  defect 

Type  of  loading 

repair  procedure 

Problems 

—  Coating  damage 

Thermal  fatigue, 
erosion,  corrosion 

f/echanical,  chemical  stripping 

Residues,  wall  thickness 

-  Creep  damage 

Creep-rupture 

Regeneration 

Effects  on  material,  extreme 
damage  to  certain  components 

—  Abraded  seal 
lips 

Wear, 

thermal  fatigue 

High-temperature  brating, 
weld  build  up 

Welding  defects 

—  Thermal 
fatigue  cracks 

Thermal  fatigue 

Reduction  of  oxides,  high-temperature 
braiing 

Cleaning  of  small  cracks, 
effects  on  material 

-  Notches 

FOD 

Blending 

Smearing  of  starting  cracks 

Table  2  Repair  Procedures  for  Turbina  blades  and  Vm.cs 


Figure  1 


Detail  of  a  Technical  Repair  Instruction  for  the  replacement  of  abraded 
sealing  fins  by  a  high-temperature  brazed  piece  of  suitable  material, 
final  shaping  by  grinding 


Figure  2 


Figure  3 


Microsection  showing  repaired  sealing  fins,  blade  material  IN  100, 
brazing  filler  material  Rene  80  +  2  *  B 


Welu  build  up  of  worn  fins,  TIG  welding,  filler  material  Nimonic  90. 
blade  material  IN  100 


Figure  4 


Weld  build  up  of  abraded  blade  tip 


Figure  5 


Repair  of  vane  material  by  soaking  in  reducing  atmosphere  and  high 
temperature  brazing 


Figure  6 
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Consumption  of  creep  life  of  sets  of  turbine  blades  vs.  service  time, 
as  assessed  by  taking  the  mean  creep  damage  of  a  test  sample  from  each 
set 


Figure  7 


Creep  rate  of  specimens  with  and  without  regeneration  treatment 


•q:  hired  testhar  before  Hip 


cJlpf  Hip  Ih  ;10S0C. '  1800  Hu" 


Figure  8 


Figure  9 


Figure  10 


Grain  boundary  cracking  in  a  creep  rupture  tested  specimen  before  a 


Before  HIP  ( 1 00  x)  After  HIP  ( 1 00  x) 


Microsections  of  blades  before  and  after  HIP  treatment 


Rupture  probability  of  blades  tested  in  hot  qas  atmosphere,  with  a 
without  regeneration  treatment 
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M.H.  Haafkens  /  J.H.G.  Ma t they 
ELBAR  B.V. 

I ndust riet errein  Spikwe  ien 
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The  Netherlands 

SUMMARY 

The  investigation  has  shown  that  crack  formation  in  the  HAZ  associated  with  the  welding 
of  high  S'  -content  nickelbase  superalloys  is  due  mainly  to  the  shrinkage,  which  takes 
place  during  precipitation  of  the  Jf'  .  Crack  formation  can  be  p ’’evented  by  control  1  i nr 
the  cooling  rate  during  welding  of  these  alloys. 

On  the  basis  of  measurements,  which  illustrate  the  relationship?  between  a  :r  1 V e n  coolin' 
rate  after  welding,  the  partial  effects  of  the  elements  Co,  Cr,  A1  and  ?i  on  the 
weldability  were  calculated,  and  this  allowed  a  modified  weldability  diagram  for 
nickelbase  superalloys  to  be  established.  Simple  hardness  measurements  appear  to  give 
really  useful  results  for  crack-free  TIG  welding,  plasma  welding,  friction  welding 
and  EB  welding  of  nickelbase  superalloys.  Small  differences  in  chemical  composition 
and  the  degree  of  homogeneity  f  the  If  -  S'  structure  can  have  a  decisive  effect  on  the 
welding  behaviour  of  superalloys. 

1.  INTRODUCTION 

The  repair  and  recovery  of  both  the  stationary  an!  the  rotating  parts  of  the  hot 
section  of  a  gas  turbine  is  becoming  more  and  tiers  a  rerierally-accepte  :  practice.  The 
regularly  repeated  assertion  that  repair  of  the  hc.t  section,  and  in  particular  the 
first  stage  inlet  guide  vane  and  rotating  blades  and  buckets  is  not  possible,  is  based 
more  on  commercial  considerations  than  on  any  practical  and/or  theoretical  basis. 

In  the  special  case  discussed  in  this  report,  concerning  the  repair  of  nickelbase 
superalloys,  such  as  are  used  in  the  first  2nd  stapes  of  the  rotating  sections  of  a 
gas  turbine,  welding  plays  an  important  cart.  Tone  types  of  damage,  e.g.  tip  wear 
and  FOD  can  be  repaired  economically  only  bv  welding.  The  application  rf  welding  for 
the  repair  of  rotating  parts,  and  in  particular  blades  end  buckets,  is  nonetheless 
affected  by  a  number  of  factors,  namely  : 

a)  the  stress  level  in  the  region  of  the  blade,  which  is  to  be  welded. 

b)  the  temperature  level  in  the  region  cf  the  blade  to  be  repaired. 

c)  the  wall  thickness  of  the  region  to  be  welued. 

d)  the  material  of  the  part  to  be  welded. 

As  the  wall  thickness  of  the  rotating  parts  to  be  repaired  increases,  accompanied 
normally  by  a  higher  level  of  stress,  the  weldability  of  the  highly-stable  nickelbase 
superalloys  used  for  these  parts  falls  rapidly. 

The  cobaltbase  superalloys  are  generally  characterised  by  much  lower  strength,  but  this 
is  accompanied  by  much  better  weldability.  Their  use  is  generally  confined  to  the 
stationary  parts  of  hot  section.  A  fortunate  circumstance  from  tl;e  rep-. i r  point 
view  is  that  an  increase  in  the  stress  level  from  the  tip  to  the  root  of  a  blade  is 
accompanied  by  a  corresponding  decrease  in  operating  temperature.  The  use  of,  for 
example,  TIG  repair  welds  has  been  hitherto  mainly  restricted  by  the  following  factors 

1)  a  lack  of  commercially  available  nickelbase  superalloy  filler  wires  of  satisfactory 
high-temperature  strength  (creep  characteristics)  suitable  for  welding  the  highly 
stressed  regions  of  blades. 

2)  the  decreasing  weldability  as  the  wall  thickness  increases  in  the  case  of 

S’ -strengthened  nickelbase  alloys  as  used  for  the  highly  stressed  regions  of 
blades . 

These  two  factors  more  or  less  balance  each  other.  Up  till  now  very  little  research  has 
been  carried  out  into  the  factors,  which  affect  the  weldability  of  high  if"  -content 
nickelbase  superalloys.  rt  is  moreover  a  fact  that  alleys,  such  as  ~n  7vQ,  Tn  9iQ 
and  U  720  were  developed  not  with  a  view  to  their  welding  characteristics,  but  on  the 
basis  on  high  temperature  properties,  such  as  thermal  stability,  .-r'-ep  strength  and  hot. 
corrosion  resistance. 

2.  THE  WEEDING  OF  NICKELBASE  SUPERALLOYS 
2 . 1  Historical 

One  of  the  earliest  publications  in  the  field  of  the  weldability  of  nickelbase 
superalloys  dates  from  1965  and  provides  a  recognised  model  of  lift/,  cracking  (Ref.  1). 
The  greatest  increase  in  practical  repair  work  by  Elbar,  particularly  in  the  case  of 
stationary  turbine  hot  section  components,  began  in  the  last  five  years.  Due  to  the 
necessity  for  repairs  to  an  extremely  difficult  to  weld  sun-'-ral  ley ,  such  as  Tn  7  V  for 
example,  the  need  arose  for  fundamental  investigation  of  the  factors,  which  affoc'  t  hr 
weldability  of  this  alloy.  The  most  important  defects,  which  can  o-~ur  when  w>- IT: ns 
nickelbase  superalloys,  which  contain  j'  are  HAZ  cracking  and  PsTJT  'racking. 

The  investigation  began  U  years  ago  under  contract  from  the  Ministry  cf  Frononi  -  Affair 
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In  the  case  )f  In  7  I “  the  following  "proc  i pi  t t  i  on-rat”  number:.-"  w*r”  f  un  : 

(  +  3 !i 0 )  (♦?(!(.  t  f-  '/  ,[.l 

A1  Ti  Cr  Co 

Co  is  more  or  less  indifferent ,  Cr  is  u  strong  inhibitor  of  Jf  -piv  n  1  pi  tnt  i : 
Ti  is  a  stronger  Jf*  -former  than  AI.  !  (In  atonic  per  vert  ages  '  . 
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Note  : 

Atomic  percentages  only  are  used  lor  S'  -safe  calculations.  Thus,  a  higher  7i-Al  ratio 
can  result  in  a  higher  rate  of  Jf*  -precipitation  without  any  effect  on  the  Me  number. 

When  ws  graphically  plot  the  compositions  of  a  number  of  well-known  superalloys,  deter¬ 
mined  from  empirically-derived  formulas,  a  Much  clearer  picture  of  the  effect  of  the 
elements  on  the  weldability  is  obtained,  f lee  figure  no.  7  1.  This  picture  differs 

distinctly  from  graphs  compiled  by  other  Investigators  (ref,  3  ml  -i  1  . 
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APPLICATION  OF  THE  RESULT.! 

tig-  At:r  plasma  welding. 


L  iJfil  i  „• . 


WELD  TNG  F  ROC  PM 


The  differences  in  the  electron  beam  welding  behaviour  (crack  susceptibility) 
between  two  apparently  identical  '<  700  P.M.  alloys  can  be  satisfactorily  explained  on 
the  basis  of  a  difference  in  precipitation  behaviour,  using  the  empirically  determined 
effects  of  composition  on  the  weldability  diagram,  the  compositions  of  two  ’.}  700  P.M. 
types  (U  700  P.M.  A  and  F ) ,  which  clearly  differed  in  their  welding  behaviour  were 
plotted  on  the  diagram.  This  showed  that  the  positions  these  alloys  were  also 
distinctly  different. 

The  more  crack-sensitive  U  700  P.M.  type  b  war,  appreciably  di spaced  towards  a  region 
of  higher  crack  sensitivity.  In  view  of  the  fact  that  the  measured  sines  cf  the 
if' -particles  were  not  use  t  in  the  determination  of  the  “t.pirlril  r.-i  at.  ’.  on.-.!,  ip-  is.  -.Li  - 
case  of  the  U  700  types  mentioned,  this  results  can  be  considered  as  remarkabl  . 
Measurements  -  sie  later  and,  which  illustrate  the  relationship  between  hardness, 
maximum  cooling  rate  and  -particle  sine  are  presented  in  Figure  3  and  0.  The  n  re 
crack  sensitive  type  B  appears  to  produce  a  lower  hardness  for  the  same  maximum  cooling 
rate.  On  the  basis  of  these  results  the  welding  parameters  were  modified  in  such  a 
manner  that  maximum  hardness  was  produced  in  the  HAL,  resulting  in  a  crack  free  weld. 

It  seems  therefore  that  there  are  two  parameters  which  give  an  idea  of  the  welding 
behaviour  of  high  -content  nickelbase  super-alloys.  These  are  : 

a)  the  compositional  balance  of  Co,  Cr,  Al  and  Ti. 

b)  the  hardness  measured  in  relation  to  the  cooling  rate. 


These  two  factors  form  in  fact  the  basis  for  the  development  of  a  welding  method  with 
less  crack-sensitive,  }  -containing  nickelbase  superalloy  filler  wires  with  sufficient 
creep  strength  to  allow  welding  of  the  highly-stressed  regions  of  blades  and  buckets. 

The  results  of  the  investigation  appear  applicable  to  the  friction  welding  of  super¬ 
alloys,  but  no  further  observations  as  regards  this  can  be  made  here.  Since  preheating 
before  welding  obviously  has  an  effect  on  the  maximum  cooling  rate  it  w-vi .!  so..-  that 
crack-l'ree  welds  can  be  produced  by  this  means.  For  nickelbase  superalloys,  however,  this 
is  not  really  effective  until  the  temperatures  are  above  600*0.  Figure  10  shows  the 
effects  of  several  preheat  temperatures  on  the  hardness  pattern  in  the  HA7.  of  In  73°. 

EB  welding  of  nickelbase  superalloys  with  preheat  has  been  recently  reported  in  the 
literature  (ref,  2)  without  any  rigorous  theoretical  explanation.  Preheating  for 
EB  welding  will,  however,  involve  temperatures  above  900*C. 

An  important  conclusion,  which  also  can  be  made  is  that  pre-weld  heat  trea'-.-nt  can  have 
an  effect  on  the  weldability  of  nickelbase  3uperalloys  only  if  it  has  a  di  ‘  effect 
on  the  homogeneity  of  the  -  V  -structure.  It  ’  v  tw-t  reason  that  r  weld  hip 
treatment  can  sometimes  have  a  positive  effect  on  the  weldability  of  the  i  ‘icult  to 
weld  superalloys. 
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by 


Dr  James  A. Snide 
Director.  Materials  Engineering 
University  of  Dayton 
College  Park  300 
Dayton.  OH  4S469,  USA 


The  first  two  papers  of  this  session  continued  from  the  previous  discussion  of  hot  isostatic  pressing  (HIP)  to 
rejuvenate  cast  nickel  base  turbine  blades.  The  third  paper  considered  the  weld  repair  of  as-cast  and  powder  metallurgy 
superalloys. 

The  first  two  papers  showed  the  promising  benefits  due  to  HIP  processing  as  a  regenerative  treatment  to  extend  the 
life  of  gas  turbines  components  removed  from  service  during  overhaul.  The  focus  of  these  efforts  were  on  the  removal  of 
creep  damage  during  HIP  processing.  The  importance  of  controlling  the  cooling  rate  after  the  HIP  operation  was 
emphasized.  The  following  questions  were  discussed  but  not  resolved. 

(1 1  How  many  times  can  a  turbine  blade  be  rejuvenated? 

(21  What  is  the  effect  or  HIP  rejuvenated  on  properties  other  than  creep,  that  is.  microstructure.  fatigue  behavior, 
etc. 


The  paper  on  weld  repair  of  as-cast  and  powder  metallurgy  presented  a  framework  for  evaluating  heat-affected-zone 
cracking  as  a  function  of  composition  and  welding  speed.  The  paper  presented  an  interesting  way  to  look  at  a  very 
complex  problem.  It  appeared  that  the  data  might  he  treated  in  a  more  fundamental  way  using  thermodynamic, 
nucleation  and  growth  and  diffusion  theory. 
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APPENDIX 

COMMENTS  ON  THE  MAINTENANCE  IN  SERVICE  OF  HIGH  TEMPERATURE 
COMPONENTS  IN  AIRCRAFT  JET  ENGINES 

by 

George  C.Deulsch 
8303  Whitman  Drive 
Bcthcsda.  MD  20817.  USA 


l  first  became  acquainted  with  jet  engines  in  1046  anti  since  that  time  I  have,  of  course,  seen  many  changes.  Today's 
engines  are  far  more  powerful  and  fuel  efficient  ,  but  they  have  lost  one  of  their  most  beguiling  features  simplicity. 
Today's  engines  with  their  multiple  stage  turbines  and  concentric  shafts  are  very  complex  and  therefore  much  more 
difficult  to  maintain. 

In  1946  military  engines  had  a  time  between  overhaul  of  1 50  hours  but  very  few  of  them  attained  even  this  time 
interval.  The  blade  temperature  was  about  725 °C  and  it  has  grown  at  the  rate  of  about  1 5"C  per  year  ever  since.  A  truly 
remarkable  achievement  when  all  during  this  pc  ril'd  metallurgists  kept  predicting  that  they  had  pushed  alloys  ahout  as 
far  as  they  could  go. 

It  is  perhaps  more  clear  today  that  at  any  time  in  the  past  that  the  end  is  not  in  sight  and  1  believe  we  should  not 
only  he  working  on  extending  and  predicting  the  life  of  current  engine  components  but  we  should  devote  considerable 
attention  to  making  higher  temperatures  possible.  It  should,  of  course,  be  noted  that  in  the  past  we  wanted  higher 
temperatures  to  enable  aircraft  to  fly  at  higher  speeds.  Today  we  want  these  same  higher  temperatures  so  that  the  engine 
operates  in  a  more  fuel  efficient  manner.  Sonic  of  the  studies  that  I  believe  should  be  undertaken  to  prepare  us  for  the 
future  are  listed  below: 

(al  We  should  seek  a  far  more  precise  definition  of  the  environment  {temperature,  stress,  and  chemical)  than  is 
available  today.  This  definition  would  give  us  better  clues  to  the  mechanisms  of  failure  and  would  enable  the 
designers  to  come  up  with  less  demanding  designs. 

( hi  We  should  develop  far  superior  methods  of  keeping  track  of  component  histories  so  that  we  can  better  decide 
when  rejuvenation  procedures  are  appropriate. 

(e)  Surface  track  cleaning  still  seems  to  me  to  be  a  major  problem  and  better  methods  are  needed  before  we  can 
be  confident  of  the  repairs. 

(d)  1  think  there  is  further  room  for  improvement  in  the  presently  used  braze  alloys.  We  are  currently  adding 
boron  or  other  elements  to  reduce  the  brazing  temperatures,  however,  it  would  appear  to  me  that  if  we  could 
find  substitutes  which  would  completely  vaporize  during  the  brazing  processes,  superior  repairs  could  be  made. 

lei  New  techniques  are  needed  in  both  NDF.  (particularly  for  coatings  and  cooling  passages)  and  welding.  In  the 
latter  case  1  believe  lasers  should  be  looked  at  intensively. 

(fl  We  should  be  getting  ready  for  the  newer  materials  that  are  already  finding  their  way  into  jet  engines.  The 
principal  one  is.  of  course,  conventional  alloys  made  by  pow  der  metallurgical  methods,  single  cry  stal  blades, 
inter-metallic  compounds  and  ceramics  will  gradually  follow  along.  We  should  be  prepared  to  inspect  and 
maintain  these  new  materials. 

1  would  like  to  close  with  one  final  comment.  We  should  also  be  very  conscious  of  the  gradually  deteriorating 
quality  of  jet  engine  fuels.  We  already  have  seen  a  gradual  increase  in  the  percentage  of  aromatics  these  fuels  contain  and 
wc  know  these  can  cause  severe  erosion  problems  and  temperature  increases  in  the  engine.  Other  changes  in  fuel 
chemistry  can  introduce  eorrosivc  ingredients.  We  must  ever  be  mindful  of  these  ebang.-s  in  planning  our  maintenance 
procedures  for  jet  engines. 
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14. Abstract 


AH  NATO  countries  need  to  combat  the  increasing  cost  of  maintenance  of  engines  and 
scarcity  of  strategic  materials  by  improving  component  utilization.  The  objective  of  this 
Meeting  was  to  review  the  problem  areas  and  experiences  in  the  maintenance  of  high 
temperature  parts;  many  of  these  problem  areas  having  a  common  base  in  relation  to 
service  experience  and  the  characteristics  of  material  behaviour,  so  that  users  may  benefit 
from  the  advances  in  materials  science  and  the  future  needs  for  R&D  may  be  identified. 
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